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I  Introduction générale 
 
Ce travail consiste en l’exploration de façon précise des séquences 
impliquées dans la régulation de l’expression des gènes psbB-psbT-psbH chez 
l’algue verte unicellulaire Chlamydomonas reinhardtii. Les produits de ces trois 
gènes co-transcrits, respectivement CP47 (47 kDa), PsbT (4 kDa) et PsbH (9 kDa), 
sont parties intégrantes de la structure du photosystème II (PSII). Ces trois 
protéines sont requises pour l’activité photosynthétique, excepté PsbT requis 
uniquement en conditions de lumière excessive. L’étude du PSII révèle une double 
localisation génétique de ses composantes, nucléaire et chloroplastique. 
Néanmoins les interactions entre ces compartiments, les bases de la coordination 
de leur expression génétique, ainsi que l’assemblage de manière stoechiométrique 
des différents produits au sein du PSII n’ont pas encore livré tous leurs secrets. 
Dans cette perspective, de précédents travaux ont mis en évidence le rôle 
stabilisateur de la région 5’ non traduite (5’UTR) pour les transcrits 
chloroplastiques. Vaistij (Vaistij et al., 2000b) a caractérisé par extension 
d’amorce l’extrémité 5’ des transcrits psbB. Celle-ci s’avère double avec des 
positions en -147 et en -35 par rapport au codon d’initiation de psbB. D’après ces 
mêmes résultats et en accord avec ceux obtenus par hybridation de membranes 
ARN de divers souches, les abondances relatives de ces deux différentes formes de 
transcrits s’avèrent différentes. Le transcrit qui débute en -35 est très abondant. De 
plus l’accumulation de ce transcrit requiert la présence du produit du gène 
nucléaire Mbb1. En son absence, comme chez le mutant mbb1-222E, ce transcrit 
court demeure indétectable en utilisant les mêmes techniques. Toutefois, un second 
transcrit, plus long qui démarre en position -147, et approximativement 100 fois 
moins abondant que le court (-35) peut être détecté aussi bien chez le mutant que 
dans le sauvage. Vaistij initia des travaux de délétions d’éléments de ce 5’UTR, 
dont les résultats permirent d’orienter nos recherches. Nous focalisant toujours sur 
une région restreinte d’environ 50 bases de l’extrémité 5’ non traduite, nous avons 
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choisi une stratégie de linker scan détaillée ci-après. De plus, MBB1 faisant partie 
de complexes ribonucléiques, il nous sembla intéressant de produire un anticorps 
polyclonal afin d’étudier ces complexes dans les mutants ainsi obtenus. Cette étude 
du complexe MBB1 a été par la suite élargie à certains autres mutants PSII choisis. 
 
II  Analyse par linker scan d’éléments déterminants en cis pour la 
stabilité des transcrits psbB et la traduction en CP47 
 
1  Introduction 
 
L’approche linker scan consiste à substituer par éléments successifs 
de 6 bases la totalité de la région d’intérêt c'est-à-dire de la base -3 à la base -48 du 
5’UTR de psbB. Dans notre étude, chaque séquence originale de six bases a été 
remplacée par la séquence du site de l’enzyme de restriction ApaI (GGGCCC) et 
une transformation en trois étapes du chloroplaste utilisée, afin d’éviter la sélection 
du marqueur de résistance, indépendamment de la mutation co-introduite. Dans 
l’appellation choisie pour ces mutants du 5’ non traduit de psbB, mX-Y, X fait 
référence à la position de la première base substituée par la séquence ApaI et Y à la 
dernière. 
 
2  Résultats 
 
Dans un test de croissance sur milieu minimum (HSM), toutes ces 
mutations chloroplastiques du linker scan du 5’UTR de psbB affectent 
dramatiquement les capacités photosynthétiques de Chlamydomonas. Afin de 
rechercher les causes de ces phénotypes, une détection immunologique de CP47, le 
produit du gène psbB, nous permet de constater son absence pour des substitutions 
couvrant les régions -3 a -32, et un taux d’accumulation inférieur à 2.5 % pour les 
  
10 
 
séquences entre -32 et -48. Par la même technique immunologique, il s’avère que 
les protéines PsbT et PsbH sont également absentes. Une explication partielle à 
cette disparition de protéines provient de la détection des transcrits par Northern 
blot. En effet, l’ARN messager de psbB est absent pour le mutant m26-31 et très 
diminué par les mutations dans les séquences jouxtantes chez les mutants m21-26 
et m32-37. Par ailleurs, en absence de psbB, le mARN de psbH s’accumule à des 
taux 3.5 fois supérieurs au sauvage dans le mutant m26-31. Néanmoins, ces 
résultats n’expliquent pas l’absence de CP47 dans les autres mutants pour lesquels 
les ARNs sont présents. Pour contrôler si la maturation en position -35 avait lieu 
correctement et pour en vérifier la position, une extension d’amorce indique que 
celle-ci n’est nullement affectée, indiquant même que ce processus ne dépend pas 
de la séquence au site -35, puisque la position de celui-ci demeure inaffectée dans 
le mutant m32-37. Ce résultat révèle également que les 5’ non traduits des ARNs 
psbB accumulés dans les souches m37-42 et m43-48 possèdent en apparence les 
caractéristiques de ceux du sauvage, i.e. une séquence identique à celle du type 
sauvage pour le produit court et abondant en raison d’une maturation en -35. En 
effet les mutations introduites sont positionnées en amont de ce site de maturation, 
mais celles-ci affectent néanmoins grandement l’accumulation des protéines CP47, 
PsbT et PsbH. Afin de distinguer entre une déficience de traduction de ces 
messagers ou un mécanisme de synthèse normal suivi d’une dégradation rapide 
des produits, des expériences de marquage radioactif bref au 14C-acétate mettent en 
évidence que l’absence de traduction elle-même est l’origine de la perte de CP47. 
En ce qui concerne les protéines PsbT et PsbH, leur petite taille ne permet qu’une 
faible incorporation de traceur, ce qui nous empêche de conclure sur les 
mécanismes qui affectent leur expression. Il semble toutefois que lorsque l’ARN 
messager psbB est absent et que celui de psbH s’accumule en excès, le marquage 
de PsbH soit également plus élevé. La traduction de PsbH ayant lieu, PsbH ne 
s’accumule toutefois pas puisqu’en présence de complexes PSII naissants déficient 
en CP47. 
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Il semble donc que nous pouvons distinguer trois classes de mutants 
dans cette analyse, donc trois types de fonctions pour ces séquences:  
Les substitutions successives dans la région du transcrit court 
comprise entre les positions -3 et -21, n’empêchent pas l’accumulation de l’ARN 
psbB mais affectent totalement l’initiation de sa traduction. 
Celle des séquences entre -21 et -31 diminue l’accumulation de 
l’ARN psbB, avec une disparition totale de ce transcrit dans le mutant m26-31. Par 
contre, la disparition de psbB corrèle avec une augmentation significative de 
l’ARN psbH, dont la traduction a vraisemblablement lieu, mais dont le produit est 
ensuite dégradé. 
A partir du mutant m32-37 et les suivants, les transcrits s’accumulent 
comme chez le sauvage, mais seule une faible accumulation de CP47 inférieure à 
2,5 % est détectée. Il apparaît de plus que la maturation en -35 est indépendante de 
la séquence autour de ce site comme révélé par le mutant m32-37. 
L’initiation de la traduction semble impliquer des séquences en 
amont du site de maturation. En effet, le remplacement par le site ApaI des 
séquences présentes entre -37 et -48 sur le précurseur long et qui ne font pas partie 
de la forme courte suite à la maturation en -35 n’affecte pas l’accumulation des 
ARNs psbB ou psbH, mais néanmoins affecte l’initiation de la traduction comme 
révélé par le marquage bref au 14C-acétate. Ces résultats suggèrent 
vraisemblablement qu’une étape nécessaire à la traduction du transcrit psbB 
intervient avant la maturation en -35. 
 
IV  Mutagenèse du 5’non-traduit de psbH 
 
1  Introduction 
 
Dans le mutant m26-31, l’ARN psbH s’accumule au-delà du niveau 
du type sauvage alors que l’ARN psbB est absent. 
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Une explication à ce phénomène pourrait être la compétition d’un 
facteur commun agissant en trans pour stabiliser les deux ARN psbB et psbH. En 
absence de psbB, ce facteur serait plus disponible pour psbH. Ce facteur agirait 
soit indirectement en reconnaissant pour chaque transcrit un facteur tiers 
spécifique, soit directement, il lierait les ARNs en reconnaissant un élément en cis 
identique et présent sur les deux ARNs messagers.  
En faveur de cette seconde hypothèse, nous avons remarqué que les 
séquences des 5’UTRs de psbB et ce psbH partagent des éléments semblables. 
D’une manière analogue à psbB, l’ARN psbH encourt une maturation de son 
5’UTR à partir d’une forme plus longue. La séquence qui affecte la stabilité de 
l’ARN psbB se retrouve sur l’ARN psbH. En effet, 7 bases consécutives se 
retrouvent à des positions comparables par rapport au codon d’initiation et par 
rapport au site de maturation des formes courtes. Par ailleurs, en amont du site de 
maturation de psbB, entre les positions -36 et -42, une séquence parfaitement 
complémentaire à l’extrémité 3’ de l’ARN 16S ribosomique, entre les bases 1500 
et 1506, a été mise en évidence par l’analyse de la séquence des mutants du linker 
scan couvrant la région -32 à -48. Bien que la forme courte du 5’UTR de psbB soit 
identique à celle du type sauvage chez ces mutants, la traduction est fortement 
diminuée. Dans le cas de psbH également, une séquence similairement positionnée 
est conservée, toutefois sa complémentarité avec le 3’ de l’ARN 16S n’est que 
partielle. Les résultats de leur mutagenèse décrits dans ci-dessous nous permettent 
de valider ou non la fonctionnalité de ces deux séquences pour le transcrit psbH.  
 
2  Résultats 
 
Nous avons construit les vecteurs de transformation portant les 
mutations du 5’psbH ainsi que le gène de sélection aadA en aval de psbH. Nous 
avons également construit une souche hôte avec une substitution du gène psbH 
afin d’éviter une éventuelle recombinaison homologue entre la mutation et le 
marqueur de résistance lors de la transformation avec les vecteurs portants les 
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mutations de la région 5’UTR de psbH. L’analyse des souches mutées obtenues 
par transformation de la souche hôte avec ces plasmides inclut des tests de 
croissance sur divers milieux afin de tester la capacité phototrophe des mutants, 
elle comprend également des analyses par immunodétection afin de visualiser les 
effets des mutations sur l’accumulation de diverses protéines du PSII, dont PsbH, 
CP47, CP43 et D1 et en parallèle ont également été extraits les ARNs des souches 
mutées afin de contrôler l’effet de ces substitutions ou délétions sur le niveau 
d’accumulation ou de maturation des ARNs psbH et psbB. Nous pouvons ainsi 
observer que la mutagenèse de la séquence présentant une certaine 
complémentarité avec l’ARN 16S ribosomique et située en amont de la position de 
maturation -54 du 5’ de psbH n’avait aucun effet sur le niveau d’expression de la 
protéine PsbH ni sur le profil de maturation de ses transcrits. Par contre, les 
mutations affectant la séquence de l’ARN psbH identique à celle qui est nécessaire 
à la stabilité de l’ARN psbB empêchent toute activité de photosynthèse comme le 
reflète leur létalité sur milieu minimum. Cet effet s’explique pour ces trois mutants 
par l’absence totale de protéine PsbH. Les deux formes les plus courtes des ARNs 
psbH (0.4 et 0.5 kb) sont absentes alors que la forme la plus longue (0.9 kb) est 
plus représentée par rapport au type sauvage. De plus une forme nouvelle d’ARN 
psbH de taille intermédiaire (0.6 kb) apparaît et pourrait ainsi refléter 
l’accumulation anormale d’un produit transitoirement bloqué dans sa maturation. 
Les formes longues des ARNs psbH semblent donc quant à elles incompatibles à 
l’expression de la protéine PsbH.  
Nous observons également que les ARNs psbB sont plus prévalents à 
charges identiques lorsque les formes courtes de l’ARN psbH sont absentes. 
L’effet de la mutation de cette séquence de 7 bases sur le 5’ de psbH confirme 
l’hypothèse d’un facteur agissant spécifiquement en trans sur les ARNs de psbB et 
ceux courts de psbH, en les stabilisant via leurs 5’ UTRs. L’absence d’association 
de ce facteur avec un de ces ARNs rend le facteur plus disponible pour la 
stabilisation de l’autre ARN. 
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III  psbB et MBB1 sous forme de complexes de haut poids moléculaire 
 
1  Introduction 
 
Faute de pouvoir obtenir une expression de MBB1 sous forme de 
protéine recombinante soluble qui nous aurait permis d’étudier plus directement 
les fonctions de cette protéine, notamment celle supposée de liaison à l’ARN, la 
production de l’anticorps contre MBB1 nous a permis toutefois d’obtenir de 
nouvelles données relatives aux tailles des complexes et à leurs composants.  
 
2  Résultats 
 
Une première observation est que le niveau de MBB1 mesuré par 
Western blot ne varie pas entre le type sauvage, les mutants du linker scan et 
différents mutants PSII. 
Par sédimentation dans un gradient continu de sucrose de 0.5M a 
1.75 M, il se confirme que les complexes MBB1 de haut poids moléculaires sont 
bien sensibles à l’EDTA ainsi qu’aux RNAses et la taille des larges complexes 
apparaît plus élevée que celle décrite par chromatographie d’exclusion de taille. 
Suite à cela, l’analyse des complexes MBB1 et la répartition des 
messagers dans les mutants du linker scan révèle qu’en absence de l’ARN psbB 
(mutant m26-31), MBB1 disparaît des fractions denses. Ce n’est donc pas 
uniquement un co-fractionnement qui est observé, mais bel et bien une formation 
spécifique de ces complexes en présence des ARNs psbB-psbT et psbB. Cela tend 
à confirmer l’existence d’un complexe commun comprenant MBB1 et les ARNs 
psbB ou psbB-psbT. Plus précisément, l’ARN psbB-psbT et MBB1 co-
fractionnent, alors que la sédimentation de l’ARN psbB semble indépendante en 
absence de sel. Ce résultat suggère que le grand complexe MBB1 contient 
spécifiquement l’ARN psbB-psbT. MBB1 serait donc impliqué dans la 
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stabilisation et/ou la maturation de ce transcrit intermédiaire. Les complexes 
MBB1 de très haut poids moléculaire semblent quant à eux labiles au sel, toutefois 
MBB1 se retrouve présent des fractions légères jusqu’aux fractions contenant les 
premiers ribosomes. 
Précédemment, les résultats de localisation de MBB1 dans le 
chloroplaste ont suggéré qu’une quantité non négligeable était associée avec les 
membranes, fraction relâchée suite au traitement des extraits totaux au sulfate 
d’ammonium 0,5 M. Seuls les échantillons traités avec sel avaient été étudiés en 
exclusion de taille. L’utilisation de deux conditions de préparation des 
échantillons, avec ou sans sel nous permet premièrement de mettre en évidence 
que la taille des complexes MBB1 peut dépasser 2 MDa dans ces deux conditions. 
Quant aux transcrits psbB-psbT, psbB et psbH, leur taille, l’abondance relative de 
chaque forme et leur sédimentation dans les fractions traitées et non traitées au sel 
sont différentes. Ces données semblent indiquer que la distribution des transcrits 
chloroplastiques entre le stroma et la fraction membranaire dépend de leur état de 
maturation. 
Dans cette étude, MBB1 semble sédimenter spécifiquement de 
concert avec l’ARN psbB-psbT dans des complexes de haut poids moléculaire de 
taille comparable aux polysomes. Une interaction, directe ou non, entre MBB1 et 
cet ARN semble donc avoir lieu in vivo. La présence des transcrits psbB, psbT et 
psbH dans différents complexes de haut poids moléculaire semble dépendre de 
plusieurs facteurs dont l’état d’assemblage du PSII. Ce dernier affecte également 
leur niveau de maturation ainsi que leur localisation dans le chloroplaste. 
L’absence de D1 affecte également la distribution de MBB1 dans ces complexes. 
Dans ce cas, l’ARN psbB-psbT n’est plus traduit et sédimente avec MBB1 
principalement dans des fractions où les complexes ont des tailles inférieures à 
celles des ribosomes. La nature et la fonction précise de ces complexes demeurent 
toutefois indéterminées. 
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V  Conclusions 
 
Nous avons identifié par mutagenèse linker scan une séquence 
localisée sur la forme courte du 5’ UTR de psbB et requise pour la stabilité des 
ARNs psbB-psbT et de psbB. Alors qu’une baisse de l’accumulation de ces 
transcrits est observable pour des substitutions de séquence entre les bases -21 et -
37, une totale disparition de ces transcrits survient pour une mutation de 6 bases 
comprises entre les positions -26 à -31. Pour ces mêmes mutations, nous observons 
qu’en absence de psbB, l’accumulation de psbH est accrue d’un facteur proche de 
3,5. Cela suggère qu’en l’absence de psbB, un facteur commun de stabilisation 
pouvant se lier à cette région du 5’ UTR deviendrait plus disponible pour stabiliser 
psbH. En accord avec cette hypothèse, nous avons pu constater qu’une séquence 
de 7 bases se présente en aval du site de maturation de psbB et de psbH. Cette 
séquence se situe entre les bases -22 et -28 de psbB, précisément dans la région 
entraînant une stabilisation accrue dans les mutants du linker scan pour les 
transcrits psbH. Cette hypothèse semble se confirmer puisque les trois types de 
mutagenèse de cette séquence sur le 5’ non traduit de psbH produisent des effets 
dramatiques sur la fonction photosynthétique des cellules. Il s’explique par 
l’absence de la protéine PsbH indispensable à la photosynthèse. De plus le profil 
d’accumulation et de maturation de certains ARNs de psbH est affecté. La 
séquence de 7 bases semble donc être requise pour la stabilisation ou la formation 
des deux formes courtes de psbH. La forme la plus longue (0.9kb) s’accumule à un 
niveau supérieur au type sauvage et un nouvel ARN de taille intermédiaire (0.6kb) 
apparaît spécifiquement dans ces mutants. Il semble également que ces formes 
soient impropres à l’expression de la protéine PsbH. Cette séquence conservée sur 
le 5’ de psbB et de psbH semble donc bien jouer un rôle dans la formation et / ou 
la stabilisation des ces transcrits et est vraisemblablement impliquée dans leur 
maturation. Or seuls les formes courtes des ARNs de psbH disparaissent, les 
formes plus longues sont plus abondantes et un nouvel ARN de psbH de taille 
intermédiaire apparaît dans ce contexte mutant. Les observations d’une part d’une 
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suraccumulation des ARNs psbH en absence de ceux de psbB dans l’étude par 
linker scan et d’autre part d’une perte de la stabilité de certains ARNs psbH 
associée avec une accumulation accrue de psbB dans la mutagenèse dirigée 
suggèrent donc l’existence d’un facteur commun pouvant agir en trans sur les 
extrémités 5’ non traduites des ARNs psbB et parallèlement sur certains ARNs de 
psbH. L’absence d’une de ces deux cibles dans la cellule engendre apparemment 
une disponibilité accrue pour la seconde séquence. Le facteur MBB1 étant 
nécessaire à l’expression et à l’accumulation des ARNs psbB, psbT et psbH 
pourrait jouer un rôle dans cette fonction de titration, directement ou 
indirectement. De plus, nous n’avons pas encore élucidé la signification 
physiologique de ce lien entre les deux ARNs.  
Qu’en est-il du mécanisme de maturation et de stabilisation de 
l’ARN de psbB ? Une information livrée par le mutant m32-37, est que la séquence 
présente exactement au site de maturation -35 n’est pas essentielle pour que celle-
ci s’opère. En effet, bien que drastique (GGGCCC en lieu et place de GAAUUA), 
cette substitution n’affecte ni la spécificité ni la position exacte de la maturation. 
Le mécanisme de reconnaissance du site -35 semble donc être conféré par d’autres 
éléments, à savoir des séquences ou des motifs en amont ou encore plus 
vraisemblablement en aval du site de maturation. En effet, l’implication d’une 
exonuclease 5’-3’ a précédemment été proposée par Vaistij. La progression de 
celle-ci sur le 5’ non traduit de psbB pourrait être stoppée par un facteur y étant lié. 
Cette association entre l’ARN et le facteur d’arrêt de l’exonucléase aurait donc 
bien lieu en aval du site -35 observé, et la séquence de stabilisation identifiée par le 
linker scan pourrait correspondre cette cible. Cette même cible sur les deux ARNs 
psbB et psbH pourrait donc avoir le même rôle et fonctionner d’une manière 
analogue puisque située à 6 bases en aval du site -35 de l’ARN psbB (entre -23 et -
28) et à 8 bases du site de maturation -54 de l’ARN psbH (entre -39 et -46). 
Toutefois, pour ces deux ARNs, nous ne pouvons exclure 
l’implication d’une endonucléase dont le site actif responsable de la formation de 
la terminaison -35 ou -54 agirait à distance du site de reconnaissance avec l’ARN. 
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Si ce site de reconnaissance spécifique de l’exonucléase, ou d’un facteur recrutant 
une endonuclease, se positionnait en aval du site de maturation de l’ARN, sa 
séquence pourrait être, dans ce cas également, celle identifiée précédemment et 
conservée dans les deux transcrits et donc responsable de la maturation et de la 
stabilité des ARNs. Si cette reconnaissance devait s’effectuer en amont sur psbB, 
la distance serait d’au moins 13 bases par rapport au site -35 puisque la région 
couverte par le linker scan s’étend jusqu’en -48 sans affecter la position de 
l’extrémité mature. La liaison à l’ARN permettrait donc de diriger une action à 
distance au site de maturation, soit directement, soit suite au recrutement d’une 
endonucléase où elle agirait indépendamment de la séquence à couper. 
Nous ne sommes pas en mesure de favoriser une de ces hypothèses 
dans l’état actuel de nos connaissances, toutefois, grâce aux informations obtenues 
par le linker scan de psbB, si la reconnaissance devait avoir lieu avec une séquence 
en amont de -48 la distance jusqu’au site -35 apparaît importante et pourrait 
affecter la précision de la position, et deuxièmement, il semblerai probable que 
l’exonuclease 5’-3’ soit stoppée dans sa progression et que ces produits plus longs 
soient alors également détectés par extension d’amorce mais ce n’est pas le cas.  
En conséquence, le modèle que nous suggérons fait intervenir un 
facteur, MBB1, ou bien associé à MBB1, qui reconnaît une séquence affectant la 
stabilité des ARNs psbB-psbT et/ou psbB et les ARNs courts de psbH, et qui 
dirigerait la position du site de maturation -35 et -54, respectivement, en recrutant 
une endonucléase ou en bloquant l’exonucléase. Cette formation de l’extrémité 5’ 
interviendrait au cours de la maturation des transcrits. 
Par ailleurs, une séquence présente uniquement sur la partie longue 
du 5’UTR et immédiatement en amont du site -35 de ce précurseur psbB se révéla 
également très intéressante suite à la mutagenèse par linker scan. Ces bases 
comprises entre les positions -36 et -48 semblent être impliquées dans l’initiation 
de la traduction de CP47. En effet, suite à la maturation en -35, cette région mutée 
et localisée en amont disparaît, le messager mature s’accumule à des niveaux 
comparables à ceux du sauvage mais le taux de synthèse de CP47 est 
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drastiquement affecté dans les mutants concernés. Pourtant ces messagers sont 
abondants et leur 5’UTR court possède une séquence identique à celle du sauvage. 
Cette région du précurseur peu abondant et indétectable par primer extension, 
semble donc paramétrer ou initier la traduction du messager mature accumulé. En 
analysant cette région, nous avons remarqué qu’une séquence de 7 bases 
(ACCUUGU) est complémentaire avec le 3’ de l’ARN chloroplastique 16S de la 
petite sous unité ribosomique (ACAAGGU). Cette séquence se situe entre les 
positions -37 et -44 de psbB et la région de l’ARN ribosomique concerne les bases 
1500 à 1506 présentent d’ailleurs à l’interface entre les deux sous-unités 
ribosomales, plus précisément dans le site de décodage de l’ARN messager. Une 
interaction possible avec le ribosome ou uniquement avec la petite sous unité 
pourrait également exister au niveau du précurseur long de psbH. En effet et à 
nouveau par analyse de séquence, nous avons pu constater une analogie partielle 
avec cette séquence de psbB (3 bases sur 7). L’analogie s’étend encore puisque 
cette séquence est également éliminée de l’ARN psbH par la maturation. 
Les résultats de la mutagenèse sur psbH de ces deux séquences 
repérées sur psbB affectant la stabilisation et la traduction, nous permettent 
maintenant d’affiner notre première hypothèse et de déterminer plus précisément la 
fonction de cette séquence conservée entre ces deux transcrits. Il semble que la 
mutagenèse de la séquence affectant la traduction à partir de l’ARN psbB et 
présente dans le 5’ de l’ARN psbB et partiellement sur celui du 5’ de psbH soit 
sans effet sur l’expression de psbH. Cela va donc à l’encontre de l’hypothèse d’une 
interaction possible ou même requise avec l’extrémité 3’ du 16S ribosomique. Un 
autre mécanisme semble donc impliqué pour l’initiation de la traduction à partir de 
l’ARN psbB. Donc l’hypothèse de l’interaction avec l’ARN ribosomique, bien 
qu’intéressante ne sera pas testée plus en avant dans ce travail par mutagenèse 
complémentaire de l’extrémité 3’ de l’ARN ribosomique.  
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Une autre approche à l’étude de MBB1 et des transcrits psbB-psbT-
psbH nécessita la production d’un anticorps polyclonal spécifique contre MBB1. 
Cet anticorps nous a permis d’observer que le niveau d’expression de MBB1 ne 
semble être affecté dans aucun des mutants PSII testés dans cette étude ni dans 
aucun des mutants du linker scan. Toutefois, lors de l’étude du comportement des 
complexes MBB1 dans les souches mutantes PSII révéla que la formation de 
formes de haut poids moléculaire dépendait spécifiquement de la présence des 
ARNs psbB-psbT ou psbB. En absence de MBB1, les ARNs psbB et psbB-psbT 
disparaissent, et dans m26-31, c'est-à-dire en absence des l’ARNs psbB et psbB-
psbT, MBB1 disparaît spécifiquement des fractions denses. L’association de 
MBB1 et de psbB-psbT ou de psbB (apparaissant dans l’extrait soluble suite à un 
traitement au sel lors de la lyse des cellules) au sein d’un même complexe de haut 
poids moléculaire semble maintenant très probable. Sans ce traitement au sel, il 
semble que MBB1 suive plus particulièrement l’ARN psbB-psbT dans les fractions 
des gradients. Par contre, la perte de traduction des messagers psbB ne semble pas 
affecter les complexes de haut poids moléculaire.  
Par ailleurs, d’autres mutants PSII révélèrent que la distribution et 
également la maturation des transcrits chloroplastiques de l’unité co-transcrite 
psbB-psbT-psbH semblent dépendre de l’état d’assemblage du PSII. En effet, en 
absence de D2 ou de D1, nous observons des changements divers dans la 
distribution et la maturation de psbB-psbT, psbB ou psbH selon les mutants 
étudiés. En absence de D2, l’ARN psbB apparaît dans l’extrait soluble et les ARNs 
psbH sont plus longs. En absence de D1, l’ARN psbB est également présent dans 
l’extrait soluble et ne semble plus associé aux fractions contenant les ribosomes et 
MBB1 partage le même sort. Les ARNs de psbH semblent se comporter comme 
dans la souche sauvage.  
Sur la base de ces données, nous proposons un model hypothétique 
de la séquence des événements de maturation des ces transcrits. 
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The work presented in this thesis deals with the control of expression 
of a chloroplast gene cluster, psbB-psbT-psbH, encoding subunits of the 
photosystem II (PSII) complex in Chlamydomonas reinhardtii, and which is under 
control of MBB1, a nucleus-encoded protein imported into the chloroplast. 
Section 2 provides an introduction to the selected model organism, 
Chlamydomonas reinhardtii, the photosynthetic apparatus, key concepts of post-
transcriptional steps and nuclear control of chloroplast gene expression. This part 
will cover the recent literature which is relevant for our studies. 
Section 3 bears on chloroplast gene regulation through the example 
of the psbB-psbT-psbH transcription unit. In addition to the description of the 
current literature, this section presents the results of our work on the cis-acting 
elements, obtained by performing a linker scan analysis of the psbB 5’untranslated 
region (5’UTR). 
Section 4 presents the study of the psbH 5’UTR based on the 
numerous similarities between the psbB and psbH 5’UTRs. This section also 
confirms one of the two hypotheses formulated in the previous section. 
Section 5 presents results on MBB1 recombinant protein expression, 
on the production of MBB1 polyclonal antibodies and the use of psbB 5’UTR 
mutants and of photosystem II mutants to analyze MBB1 association to high 
molecular weight complexes by sucrose gradient sedimentation analysis. We 
selected mutant strains affected in different steps of PSII assembly or in psbB 
mRNA maturation. In these strains, we examined the localization and the 
maturation of the psbB-psbT, psbB and psbH transcripts. 
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I  Chlamydomonas reinhardtii as a model organism 
 
 
Among organisms capable of photosynthesis, the fundamental 
process converting light energy into chemical energy, Chlamydomonas reinhardtii 
rapidly took the lead as a model organism in molecular biology and genetics. 
Chlamydomonas is in addition well suited to study the biogenesis and genetics of 
organelles, flagellar assembly and function, mating reactions and gametogenesis, 
cell wall synthesis, circadian rhythms, etc… Its simple and rapid life cycle can be 
easily manipulated in the laboratory (Harris, 1989; Rochaix et al., 1998).  
 
A bit of history 
 
More than 450 species of eukaryotic unicellular biflagellated 
photosynthetic green algae are classified in the genus Chlamydomonas (Greek: 
chlamys, a cloak or mantle; monas: solitary). Chlamydomonas can be found 
worldwide in various and even adverse habitats: temperate, tropical, artic, or alpine 
regions. Species have been collected in marine water, snow, fresh water, sewage 
ponds, agricultural soils and damp walls (Harris, 1989). Chlamydomonas could be 
collected from a petri plate exposed 1 minute on a plane wing at an altitude of 
1100 meters (Brown, 1964). The organism Chlamydomonas reinhardtii has been 
described in 1888 by Dangeard and named in honor of the botanist Ludwig 
Reinhardt who had reported mating behavior in 1876. One of the main laboratory 
strains (137c), was isolated in a potato field in 1945 in Massachusetts, USA by 
Smith.  
 
Life cycle 
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C. reinhardtii can grow vegetatively in a haploid or diploid state. It 
can also undergo a sexual cycle. Under constant light and optimal conditions, 
haploid cells divide by mitosis every 5-8 hours and stationary phase is reached at 
about 1 to 2 x 107 cells / mL.  
Under nitrogen starvation, the sexual cycle is initiated and vegetative 
cells differentiate into gametes. There are two morphologically identical mating-
types: mt- or mt+. Upon mixing the two types of gametes, mt+ and mt- associate 
by their flagellae and start to fuse their cytoplasm. Following cell fusion, both 
nuclei and chloroplasts fuse as well. At this step of the cycle, Chlamydomonas 
secretes a hard and impermeable cell wall and becomes resistant to desiccation and 
other environmental insults (Woessner, 1989).  
In a favorable environment and after a maturation of about a week, 
germination of C. reinhardtii is induced. Meiosis is completed by the generation of 
4 haploid spores which are released after cell wall lysis. Sometimes 8 spores can 
be present reflecting the occurrence of a subsequent mitosis. The mitotic cycle can 
restart under these favorable conditions. Nuclear gene transmission is Mendelian 
and thus a 2:2 segregation can be observed, whereas mitochondrial and chloroplast 
genes are uniparentally transmitted from the mt- and mt+ parents, respectively. 
Uniparental mt+ chloroplast inheritance involves destruction of the mt- chloroplast 
DNA. Although not completely understood, this mechanism implies nucleases, 
mt+ chloroplast DNA methylation and import of proteins synthesized in the 
cytoplasm into the chloroplast (Armbrust, 1998). 
 
 
 
 
 
 
 
 
Figure 1: Electron microscopy of Chlamydomonas reinhardtii. Specific elements are indicated 
between brackets; (n) nucleus, (f) flagella, (g) golgi, (cw) cell wall, (p) pirenoid, (s) starch, 
(m) mitochondria, (ce) chloroplast envelop, (cv) cell vacuole, (cm) cell membrane.
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Cytology 
 
A wild-type C. reinhardtii vegetative cell is oval-shaped (see figure 
1), typically 10 m in length and 3 m in width, with a pair of flagella at its 
anterior end whose length is about 20 m. Sub-cellular structures can be seen by 
electron microscopy, such as the nucleus with a prominent nucleolus, several 
mitochondria, an eyespot which contains pigments and is a photoreceptor for both 
phototactic and photophobic responses, a basal body at the base of the flagellae 
and a single cup-shaped chloroplast. The volume of the chloroplast accounts for 
about 40% of the cell volume. The inner space of this organelle is separated from 
the cytoplasm by two membranes. It contains characteristic elements such as 
specific membraneous structures called thylakoids, and the pyrenoid which 
contains two major enzymes, RUBISCO and nitrate reductase involved in 
photosynthetic metabolism (Hegemann, 1997; Kreimer, 1994; Lopez-Ruiz, 1991; 
Lopez-Ruiz, 1985). 
 
Metabolism 
 
Since photosynthetic function is dispensable in C. reinhardtii 
provided with a reduced carbon source, growth can be accomplished under three 
regimes:  
- phototrophic growth is accomplished when cells are using CO2 
from the atmosphere, which is an oxidized carbon source. Its reduction requires 
light energy. Thus photosynthesis converts light energy into chemical energy. 
- heterotrophic growth occurs in the dark and the energy is taken 
from a reduced carbon source such as acetate by respiration. 
- mixotrophic growth uses light and acetate.  
These particular features allowed one to isolate and to maintain 
mutants of C. reinhardtii defective in photosynthetic activity (Harris, 1989; 
Rochaix, 1995). 
Figure 2: Schematic drawing of the primary and secondary phases of photosynthesis inside the 
chloroplast.
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II  Photosynthesis and the photosynthetic apparatus 
 
 
On the primitive Earth, long-scaled geochemical reactions led to the 
accumulation of organic compounds to form the so called primitive soup. The 
renewal of these molecules was very slow by these processes. 3.8 billions years 
ago, when the first living organisms arose and began to metabolize these 
compounds, they rapidly started to compete and these substrates became limiting. 
Adapting to this new environment, they progressively evolved new tools to gain 
energy. These events probably drove the evolution of the first photosynthetic 
bacteria. Photosynthesis in eukaryotic cells takes place in a specialized 
compartment, the chloroplast. Cytological, morphological, biochemical and 
genetic evidence suggests that chloroplasts are descendents of photosynthetic 
prokaryotes that were engulfed. Since then, they live in symbiosis with their hosts. 
Similar theories exist for both the nuclear and the mitochondrial compartments 
(Gray, 1982; Lake, 1994; Schwartz, 1978).  
During evolution, photosynthetic organisms and organelles have 
evolved to optimize light harvesting and photosynthetic activities. This can be 
achieved by increasing the number of reaction centers and antennae. Since these 
multiprotein complexes are embedded within the membranes, this led to an 
increase of the surface exposed to light. Such a strategy can be observed in 
Cyanobacteria, where extensions of the inner membrane can be observed within 
the cell. They increase the membrane surface and thus the number of 
photosynthetic centers. Later on, after endosymbiosis, this membrane expansion 
strategy was pursued in the photosynthetic organelle. Protochloroplast and its host 
have continued to co-evolve. This evolution in the chloroplast led to the formation 
of a dense network of membranes called thylakoids (see figure 2), and a higher 
degree of evolution was achieved when thylakoids adopted a stacked structure 
called grana, providing an even denser membrane organization (Vothknecht,  
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Figure 3: Schematic view of the electron transfer reactions in the thylakoid membrane. The 
four multiprotein complexes and the two mobile electron carriers, the plastoquinone (PQ),  
the reduced plastoquinone (PQH2) and the plastocyanin (PC) are depicted. 
  
30 
 
2001). Within the chloroplast, the molecular compounds which are essential for 
the conversion of solar energy into chemical energy are principally organized in 
four multiprotein complexes embedded within the membranes (see figure 3). We 
find photosystem II (PSII), the cytochrome b6f complex, photosystem I (PSI), and 
the final player is ATP synthase. Each complex takes advantage of the membrane 
to compartmentalize its respective reactions on the stromal side, on the luminal 
side and within the membrane. 
The first photochemical reaction to occur takes place in PSII. The 
photon absorption by the PSII complex and its antenna generates a stable charge 
separation across the thylakoid membrane. A strong oxidant is created on the 
lumen side of the reaction center which is able to extract four electrons for each 
pair of water molecules split. In addition to the production of electrons, the 
products of this reaction are four protons (H+) and O2. Protons accumulate in the 
lumen compartment generating a gradient across the thylakoid membrane and 
electrons are transferred from the P680 chlorophyll dimer to the electron acceptors 
QA and QB, two plastoquinone molecules bound to D2 and D1, respectively. After 
accepting two electrons, QB is released into the plastoquinone pool (PQ). Reduced 
plastoquinol transfers the electrons to the next complex, cytochrome b6f. The flow 
of electrons through cyt b6f is coupled to proton translocation into the lumen. 
Electrons are transferred from the cyt b6f to reach the PSI complex by 
plastocyanin. Using light energy, PSI acts as a plastocyanin-ferredoxin oxido-
reductase. FNR oxidizes ferredoxin and reduces NADP+ to NADPH, the final 
electron acceptor. NADPH is an important co-substrate for a plethora of cellular 
reactions requiring reducing power. In parallel, H+ import and H+ generation by 
water splitting in the lumen contribute to generate a proton gradient across the 
thylakoid membrane. The ATP synthase complex utilizes the H+ gradient to 
produce ATP. Thus, a linear flow of electron occurs between PSII and PSI 
generating the reducing power as NADPH, and protons accumulating in the lumen 
are driving the synthesis of an energy-rich molecule, ATP. Finally, ATP and  
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Figure 4: (a) and (b) depict the absorption spectrum of photosynthetic pigments. (c) displays 
the rate of photosynthesis depending on the wavelength. 
(http://sun.menloschool.org/~dspence/biology/chapter7/chapt7_4.html)
Figure 5: Scheme of photon absorption and the transmission of the energy of excitation 
between chlorophylls from the the antennae (top) to the reaction center ( bottom).
(http://cwx.prenhall.com/horton/medialib/media_portfolio/text_images/FG15_05.JPG )
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NADPH will be used by many cellular processes, including carbon 
fixation by the Calvin cycle.  
Light is absorbed by chlorophyll pigments of the light harvesting 
complexes I or II (LHCI or LHCII) and of both photosystems (see figure 4). 
Photons in the visible range excite pigments’ electrons and their excitation energy 
is transmitted from one chlorophyll to another until it is funneled to the 
chlorophyll-a pair of the reaction center (see figure 5). The maximum of 
photosynthesis is obtained with light of wavelengths of 460, and approx. 680-700 
nanometers. 
Chloroplast thylakoid membranes represent a dynamic structure in 
which the four major complexes are not evenly distributed. In fact, a chloroplast is 
composed of several membrane compartments, the envelope with its outer and 
inner bilayer, and the thylakoid membrane network. These three membranes form 
the boundaries to three aqueous compartments, intermembrane space, stroma and 
thylakoid space or lumen. The thylakoids can be fragmented by sonication and 
separated by aqueous polymer two-phase partitioning in grana vesicles and stroma 
lamellae. The grana vesicles can be further partitioned by sonication in grana cores 
(the appressed domain of the grana) and in grana margins. In addition, a fraction 
named Y100 represents more purified stroma lamellae. It is obtained by thylakoid 
membrane breakage with a Yeda press and centrifugation. Danielsson and Aro 
observed an unequal distribution of PSI and PSII particles between these 
compartments, with a ratio PSI/PSII of 1.13 in the thylakoids, 0.43 and 0.25 for the 
grana vesicles and grana core, 1.28 for the grana margins, 3.1 in the stroma 
lamellae and even 13 in the Y100 fraction (Danielsson, 2004) (see figure 6). It 
appears that these membranes have specialized and localized functions to optimize 
the electron flow and subsequent ATP and NADPH synthesis. Various steps are 
required for proper assembly of the photosystems and for instance, different types 
of PSII complexes can be isolated at specific locations as illustrated by (figures 7 
and 8). Starting form the Y100 fraction of the thylakoid membranes to the grana 
core, the degree of organization of the PSII complexes is increased. Indeed, the  
Figure 6: Schematic representation of the different fractions of the thylakoid membrane 
isolated by sonication and aqueous polymer two-phase partitioning. The exact location of the 
Y-100 fraction is unclear, but it clearly represents a sub-domain in the stroma lamellae 
fraction with distinct contents of PSI and PSII complexes (Danielsson R., 2003). 
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Figure 7: Functional and supramolecular properties and membrane localization of different PSII 
complexes. The supramolecular structure of the PSII dimer association with LHCII and small 
peripheral antennae proteins (PSII supercomplexes) was taken from electron microscopy and 
single particle analysis studies. The blue central part corresponds to the PSII dimeric or 
monomeric complexes; the red link corresponds to the minor antennae proteins CP24, -26, and -
29, and the green external part corresponds to the LHCII trimers (Danielsson, Aro, 2006).
Figure 8: Quantitative distribution of the various PSII complexes in the different domains of the 
thylakoid membrane (Danielsson, Aro, 2006). 
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nascent PSII particles are forming in the Y100 fraction, at the 
periphery of the grana or in the lamellae whereas the mature, fully assembled and 
O2 evolving, like PSII dimers or PSII super complexes are mainly found in the 
grana core (Danielsson, 2006). This organization also depends upon the protein 
complexes that are embedded into the membranes. For instance, thylakoid 
membranes of PSI mutants rearrange in supergrana compared to the WT (Baldan, 
1991; Goodenough, 1969). 
In some cases, like preferential excitation of PSII relative to PSI, this 
linear electron chain (seen in figure 3) can be modulated by displacement of part 
of the LHCII from PSII to PSI. This process is named state transition and leads to 
a switch from linear to cyclic electron transfer favoring ATP over NADPH 
production and more generally to a fine-tuning of these two metabolites. 
Genetic studies have revealed that photosynthesis requires highly 
organized chloroplast and nuclear gene expression, in both time and space (Barkan 
and Goldschmidt-Clermont, 2000; Goldschmidt-Clermont, 1998). Indeed, many 
polypeptides need to assemble to form these complexes, often in a 1:1 
stoechiometric manner. These products are encoded by both the chloroplast and 
the nuclear genomes and regulation of their expressions is critical for proper 
photosynthesis. In addition, hundreds of pigments and cofactors need to be 
integrated into these complexes. Although many gene products encoded by the 
nucleus are imported in the chloroplast and can serve as regulatory signals toward 
the chloroplast, means of communication from the chloroplast to the nucleus 
remain to be determined. 
As an ancestral symbiont, the importance of the chloroplast goes 
beyond CO2 fixation. For the host’s benefit, additional reactions occur in this 
organelle, such as fatty acid synthesis, sulfur and nitrogen reduction, some steps of 
amino acid synthesis, glucose storage in starch, etc…. 
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Figure 9: Scheme of photosystem II. Subunits drawn in light blue are encoded by the 
chloroplast genome and those in dark blue are encoded by the nucleus.
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III  Three genetic compartments 
 
During the evolution of plant cells, the genomes of the original 
endosymbionts, the protochloroplast and the protomitochondrion, and of the host 
have been tailored into the current chloroplast, mitochondrial and nuclear entities. 
Genes have been duplicated, acquired or exchanged, resulting in three 
interdependent genetic compartments working synergistically and with a high 
degree of adaptation to the environment. 
Nuclear genes encode structural components of the photosynthetic 
organelle as well as numerous regulatory and assembly factors which are 
translated in the cytoplasm and subsequently imported into the target organelle. 
Genetic and comparative analyses indicate that an extensive transfer of genes has 
occurred from the organelle to the nucleus during symbiotic evolution. As an 
example, about half of the structural genes of both photosystems are nucleus 
encoded (see figure 9) (Baena-Gonzalez and Aro, 2002). 
In Chlamydomonas reinhardtii, mutations in any of the three genetic 
compartments, nucleus, chloroplast and mitochondria, can be easily distinguished 
by crosses since nuclear genes segregate according to Mendelian rules, the 
chloroplast genome is transmitted uniparentally from the mt+ parent and the 
mitochondrial genome is transmitted from the mt- parent. 
The nuclear genome has a size of about 105 kbp and is characterized 
by its high guanine (G) and cytidine (C) content (63% GC). Genetic analysis has 
revealed 17 linkage groups (Harris, 1989). A strong codon bias can be observed in 
highly expressed genes with the third position mostly occupied by guanine or 
cytidine. Vegetative cells are haploid and mutants can be easily generated and 
isolated. Many methods for transformation of the nuclear genome were 
established. Exogenous DNA can be introduced by agitating glass beads together 
with DNA and Chlamydomonas cells (Kindle, 1990; Stevens, 1996). Alternatively, 
electroporation or biolistic protocols were elaborated (Debuchy, 1989; Kindle, 
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1990; Rochaix, 1982; Shimogawara, 1998). Transformation occurs mainly through 
non-homologous recombination at seemingly random sites in the nuclear genome. 
The chloroplast genome, fully sequenced since 2002, consists of 80 
to 100 copies of a DNA molecule of 203,395 bp (0.2% of the size of the nuclear 
genome), which are arranged in 8 to 10 nucleoids. The map is circular, but linear 
molecules may also be present in the organelle. Due to the copy number, 
chloroplast DNA accounts for 15 to 20 % of the total cell DNA. In contrast to the 
nuclear genome, the chloroplast genome of C. reinhardtii is rich in adenine (A) 
and thymine (T) and it possesses relatively extended intergenic regions since 200 
kbp code for only 99 different genes in Chlamydomonas and 20 % is comprised of 
repetitive sequences (Maul, 2002). Theses genes cover a broad range of functions 
and are implicated in transcription and translation, or alternatively in 
photosynthesis. A third class of genes is composed of open reading frames (ORFs) 
of unknown function (Kathir, 2003; Lefebvre, 1999). Finally, the genome carries 
two identical sequences of 21.2 kb in inverse orientation on the circular molecule 
containing the ribosomal operon and the psbA gene. 
Biolistic transformation of the chloroplast can be accomplished by 
bombarding the cells with DNA-coated tungsten particles (Boynton, 1988). This 
exogenous DNA will insert by homologous recombination, allowing specific gene 
disruption or site directed mutagenesis. Starting with the sequence specific 
integration into one DNA molecule out of the 80 copies of the chloroplast genome, 
selective pressure using a co-integrated antibiotic resistance marker or restoring 
phototrophy will favor enrichment of the transformed genome copies in 
comparison with the remaining wild-type copies. After several cell divisions, 
completion of chloroplast transformation is obtained when all wild-type copies are 
substituted. This state is referred to as homoplasmic, a state which allows the study 
of the effects of the introduced mutation. The mutagenesis can be as accurate as a 
single base deletion or substitution at any desired position but can also concern a 
longer sequence stretch. 
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The mitochondrial genome of C. reinhardtii is composed of multiple 
copies of a linear molecule of 15.8 kbp and codes for very few genes, all 
intronless: 8 proteins (7 subunits of the respiratory complexes and 1 putative 
reverse transcriptase), 3 tRNAs and 2 rRNAs. The rRNAs of the large (L) and 
small (S) ribosomal RNA subunits are discontinuous. Four modules compose the 
small RNA and 8 the large one. Intermolecular pairing connects the modules 
together to form the canonical rRNA structure of both the small or the large 
subunit (Boer PH, 1988). The ends of the linear genome form inverted repeats 
which may play a role during mitochondrial DNA replication. 
Overall, each organelle constitutes in the cytoplasm an independent 
entity compartmentalizing specific reactions. However, these compartments act in 
a synergistic manner, reflecting the fact that communication and exchange of 
materials or resources between compartments and across their membranes are 
essential for cell growth and function. 
2 – General introduction 
IV – Nuclear control of chloroplast gene expression
Figure 10: Control of chloroplast gene expression. Among the nucleus-encoded factors 
translated in the cytoplasm and subsequently imported into the chloroplast, some are subunits 
of photosynthetic complexes, others are implicated in RNA metabolism, translation, complex 
assembly and integration ( J.-D. Rochaix 1999). 
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IV  Nuclear control of chloroplast gene expression 
 
 
A typical chloroplast contains about 3 to 4 thousand different 
proteins although its genome encodes only a hundred. Characterization of 
photosynthesis-defective mutant strains revealed that numerous nucleus-encoded 
genes are involved in photosynthesis. They can be organized in several classes. 
Among them are genes encoding the components of the photosynthetic complexes 
and those encoding chloroplast proteins involved in the expression of chloroplast 
genes. This latter class of genes covers a wide range of functions in the stepwise 
process of assembling the photosystem complexes into the membranes. A striking 
feature of this second class of proteins is that they usually (if not always) affect the 
expression of only one chloroplast gene or polycistronic transcription unit 
(Erickson, 2005a) (see figure 10). 
Assembly of photosystems can be divided in three steps. (1) The first 
step involves the synthesis of proteins and cofactors. An important aspect is to 
control the relative concentration of each component, especially since some of 
these components are encoded by the nucleus, and the rest are encoded by the 
chloroplast genome. (2) The second step is targeting of the components, at the 
right place and in the right order, to the thylakoid membranes. Components 
encoded by the nucleus are translated in the cytoplasm and are usually directed to 
the chloroplast by their transit peptide at the N terminal end. Two multiprotein 
complexes are involved in protein translocation into the chloroplast stroma, the 
TOC and TIC complexes, for Translocon of the Outermembrane of the Chloroplast 
and Translocon of the Inner membrane of the Chloroplast. (3) Once all the 
components are present, proper folding and assembly of the subunits and 
cofactors can complete in the right order. This process relies on the proteins’ 
interaction properties and structures. Several external regulatory factors, pigment 
delivery proteins and chaperones are involved at this stage. 
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Most studies of the coordination of chloroplast and nuclear gene 
expression have used land plants (such as maize, Arabidopsis, tobacco, tomato and 
pea), green algae (such as Chlamydomonas reinhardtii) and euglenoids (such as 
Euglena gracilis). Even if chloroplast genome expression is in part regulated at the 
transcriptional level, it appears that most of its regulation in the chloroplast occurs 
at the  post-transcriptional level; i.e. transcript maturation, splicing, stability, 
storage, binding to RNPs and subsequent protein translation, localization, post-
translational modifications and degradation of either the RNAs or the proteins. 
Some of these steps are regulated by external stimuli (Barkan and Goldschmidt-
Clermont, 2000; Choquet and Vallon, 2000; Choquet, 2002; Mayfield et al., 1995; 
Minai, 2006; Monde et al., 2000; Zerges, 2000). Accumulation of chloroplast 
transcripts is largely independent of the copy number of the chloroplast genome 
(Eberhard et al., 2002). 
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V  Chloroplast RNA metabolism  
 
 
Depending on their primary sequence, a general feature of RNA 
molecules is to spontaneously form secondary and tertiary structures with or 
without additional RNA binding factors. The properties of these structures at both 
5’ and 3’ ends are important determinants for RNA metabolism. Chloroplast RNA 
synthesis is followed by a cascade of complex events associated to 
ribonucleoparticle formation: 5’ and 3’ maturation, processing, trimming, 
cleavage, splicing, editing, stabilization, storage, targeting, translation, and 
ultimately cleavage, 3’ polyadenylation and degradation. 
 
1  Transcription of chloroplast genes 
 
Both the nuclear and chloroplast genomes encode components of the 
chloroplast transcription machinery. In vascular plants, two enzymes and several 
accessory proteins are involved. One enzyme resembles the bacterial RNA 
polymerase, its core is encoded by the chloroplast, thus it is called PEP for Plastid 
Encoded Polymerase. It is completed by accessory proteins encoded in the 
nucleus. NEP (Nucleus Encoded Polymerase) is the second polymerase which 
resembles bacteriophage polymerases, is encoded in the nucleus and subsequently 
imported into the chloroplast. Although present in land plants, there is no evidence 
of a NEP in Chlamydomonas. Only one mutant of transcription was reported so 
far, affecting rbcL (Hong, 1997) but the interpretation of the results is debatable 
due to the extended time of the RNA pulse-labeling experiment. It is generally 
admitted that RNA polymerases are associated with plastid membrane fractions via 
anchoring of their DNA template (Azevedo., 2006; Sato, 1993; Sato, 1998; Young, 
2003). 
 
3 – Linker scan analysis of psbB cis-acting elements 
involved in transcript accumulation and CP47 translation.
I - Introduction
Figure 11: Comparison of the psbB-psbT-psbN-psbH-petB-petD gene cluster among different 
organisms. Genes are indicated by names above the filled black boxes. Gene clusters are 
represented by boxes linked by lines, an interrupted line indicates location at a distant site on 
the genome, genes on the opposite strands are indicated above and below the lines (from 
Hong et al., 1995).
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Two types of promoters have been described in C. reinhardtii (Klein, 
1992):  
- One resembles the bacterial sigma 70 type with a typical sequence 
(TATAATAT) at position -10 from the start site and a second element located 
upstream at position -35. It was described in particular for the 16S rRNA and 
appears to be conserved in many other C. reinhardtii promoters (Klein, 1992). 
- The second form possesses in a similar fashion the -10 motif. 
However the extent of conservation of the -35 element is significantly lower or 
sometimes absent, which clearly distinguishes this type of promoter from the first 
one. In this case, it seems that other sequences or structures, not fully 
characterized, are required to initiate transcription. In the case of the 
Chlamydomonas atpB promoter, its full activation depends on two sequences, one 
localized 22 bases upstream and the other one 60 bases downstream from the 
transcription start site, which together are thought to replace the -35 element 
(Klein, 1992). 
Concerning the mechanism of transcription initiation, genome 
sequence comparison recently led to the characterization of a nucleus-encoded 
sigma 70-like factor in Chlamydomonas reinhardtii. In vitro, together with an 
E.coli RNA core polymerase, this sigma 70-like factor forms a chimeric 
holoenzyme that was shown to bind to spinach psbA RNA and to Chlamydomonas 
rrn16 promoters and to initiate transcription. In addition immunoblotting revealed 
an enrichment of this sigma 70-like factor in the chloroplast fraction. Thus after 
import into the chloroplast, this factor was proposed to function in transcription as 
in bacteria (Bohne, 2006). Intergenic regions can also influence transcription. 
Indeed, the insertion of polydeoxyadenosine-rich sequences was reported to 
enhance transcription rates of surrounding genes (Lisitsky, 2001).  
Transcription of plastid genes can occur in different ways. Products 
of chloroplast transcription can be either monocistronic, or polycistronic under the 
control of a unique upstream promoter. In land plants, chloroplast genes are mainly 
organized in clusters. Most of the time they are conserved between species and  
3 – Linker scan analysis of psbB cis-acting elements 
involved in transcript accumulation and CP47 translation.
I - Introduction
Figure 12: Northern blots reveal differences in transcript stability between spinach and 
Chlamydomonas. Blots from A to H correspond to the name of the probe used to hybridization 
and its location is indicated at the top in each gene cluster (from Westhoff et al,. 1986 and 
Vaistij et al., 1999).
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often grouped by related functions (see figure 11). These long RNA molecules are 
subsequently matured to be properly expressed, even though in maize or in 
tobacco, polycistronic RNA molecules have been shown to be translated (Barkan, 
1988; Quesada-Vargas, 2005). In higher plants, the proportion of polycistronic 
transcription units is rather high as for Arabidopsis, with 48 of the 87 chloroplast 
genes found in co-transcribed units containing between two and five genes each. In 
tobacco, up to 60 chloroplast genes are part of polycistronic units (Sugita, 1996). 
In Chlamydomonas, approximately 20 genes out of the 99 were found in 
polycistronic transcription units (Drapier, 1998). The fact that only 20 co-
transcribed genes have been detected in Chlamydomonas does not necessarily 
imply fewer polycistronic transcription units in this alga compared to Arabidopsis. 
Indeed, one has to take into account that in Chlamydomonas, precursors, i.e. long 
and very often, low abundant RNA molecules, are processed much faster to shorter 
forms which then accumulate to higher levels. Indeed, RNA metabolism is 
variable between organisms. These differences may concern the synthesis rate, the 
processing efficiency, the stability, the splicing, the degradation, etc…. The 
example of the psbB gene cluster illustrates these features. 
Comparison by Northern blotting of the accumulation of transcripts 
from spinach and Chlamydomonas reinhardtii (see figure 12) (Vaistij et al., 
2000b; Westhoff and Herrmann, 1988) reveals that in Chlamydomonas the psbB-
psbT-psbH tri-cistron precursor is not detectable. The longest detectable 
intermediate is the di-cistron psbB-psbT RNA of 2300 bases. The mature mRNAs 
of psbB and psbH are also detectable. In contrast in spinach, all precursors and 
intermediates of this transcription unit can be detected, even a penta-cistronic 
psbB-psbT-psbH-petB-petD transcript of 5600 bases can accumulate to detectable 
levels. This makes the study of precursors less straightforward in C. reinhardtii.  
Finally, transcription does not appear to be a limiting step in 
chloroplast gene expression. Indeed, a 10 fold decrease of chloroplast gene copy 
number mediated by treatment with 5’-fluoro-2’-deoxyuridine does not affect the  
 
3 – Linker scan analysis of psbB cis-acting elements 
involved in transcript accumulation and CP47 translation.
I - Introduction
Figure 13: Description of the various events leading to the formation of the mature 5’ extremity 
of Chlamydomonas mRNAs (Rochaix J.-D., eds, 1998). The black hexagon represents putative 
trans-acting factors involved in defining the transcripts 5’end.
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overall mRNA levels in the organelle, indicating that proper accumulation of the 
transcripts is controlled downstream of transcription (Choquet, 2002).  
 
2  Processing 
 
5’ end maturation: 
 
Post-transcriptional maturation of chloroplast RNA 5’ ends is 
generally required for stability and proper translation of the messengers. For most 
chloroplast transcripts, a precursor with a long 5’end is synthesized and 
subsequently shortened by exo- and/or endonuclease activities in order to generate 
short, mature and abundant messenger RNAs (figure 13). Stretches of eighteen 
guanines which are known to generate a structure which blocks the processivity of 
exonucleases were inserted in the 5’ leaders of psbB, psbD or petD (Drager, 1999; 
Vaistij et al., 2000b). Although these mutated transcripts accumulated at high 
levels, no corresponding protein accumulation was observed suggesting a block in 
translation. In many cases, as for atpB, rbcL, petD, rps7, psbB, psbC, psbD and 
psbA, chloroplast 5’UTR sequences harbor specific inverted repeats which can 
fold into stem loop structures (Anthonisen, 2001; Fargo et al., 1999; Higgs et al., 
1999; Nickelsen, 1994; Rochaix et al., 1989; Salvador, 2004; Suay, 2005; Vaistij 
et al., 2000b). Deletion of this structure in the 5’ leader can affect the rate of 
protein synthesis as illustrated for PsbA protein, even though it is only present on 
the longer form of the psbA 5’UTR (Bruick and Mayfield, 1998). An emerging 
feature of these RNA sequences and structures, which sometimes recruit protein 
factors of nuclear origin, is to stabilize the transcript through the 5’UTR 
(Bollenbach, 2004; Choquet, 2002; Levy, 1999; Meierhoff, 2003; Rochaix et al., 
1989; Sakamoto, 1994; Zerges, 1997). This stabilization function could be 
mediated by one single factor for all the transcripts. However this is clearly not the 
case. In all cases which have been investigated, it appears that a specific nucleus-
encoded factor is required for the stability/processing of each chloroplast 
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transcript. This significantly contributes to the number of factors involved in 
chloroplast RNA metabolism (Rymarquis, 2006).  
Overall, the consequences of leader shortening and of protein 
binding are probably to change the folding of the short form, the result being an 
increased stability and a more efficient translation of the transcripts, as revealed 
for instance for psbA, psbD, rps7 and rbcL (Fargo et al., 2000; Klinkert, 2006; 
Mayfield et al., 1994; Suay, 2005). Many nuclear loci have been implicated in 
these processes. Two C. reinhardtii mutants, hf261 and hf1085 fail to accumulate 
the short form of the psbA transcript. The nac2-26 strain revealed that the 
stabilization of the psbD messenger containing the short form of the 5’UTR, 
ending at position -47 from the start codon, required the nucleus-encoded factor 
NAC2. The accumulation of a longer form of the psbD 5’UTR ending at 74 bases 
upstream from the coding sequence was independent of this factor. This shortening 
of the 5’ extremity of psbD involves NAC2, and is necessary for accumulation of 
mature psbD mRNA (Nickelsen et al., 1999; Nickelsen, 1994). MBB1, another 
nucleus-encoded chloroplast factor is essential for stabilizing the psbB short from. 
The formation of this short 5’UTR is required for proper accumulation of the psbB 
mRNA (Vaistij et al., 2000a). In A. thaliana, the PPR protein Hcf107 is required 
for processing, stabilization and translation of psbH containing transcripts of the 
psbB-psbT-psbH-petB-petD gene cluster (Felder et al., 2001). Another PPR 
protein, Hcf152, is involved in processing of the same transcript but at a different 
location (Meierhoff, 2003). Hcf109 is required for stability of psbB, psbD/C, ndhH 
and ndhC mRNAs (Meurer et al., 1996), and Hcf145 for psaA-psaB-rps14 mRNA 
(Lezhneva, 2004). In Zea maize, ndhD requires a similar maturation in order to 
accumulate normal levels of the corresponding protein (Hirose, 1997). All these 
examples illustrate the cooperation between nucleus and chloroplast in the process 
of maturation of plastid transcripts. 
An open question is whether this maturation could be coupled to 
ribosomal association of the transcripts just prior to translation. Indeed, recent 
chloroplast ribosome purification and additional proteomic characterization led to 
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the observation of two putative nucleases specifically cofractionating with the 70S 
ribosome. Apparently these two nucleases are only present on the complete 
ribosomes but not on the 30S subunit alone, nor on the 50S subunit. However their 
function remains to be demonstrated (Yamaguchi, 2003). The role of a ribosome-
associated maturation of chloroplast transcripts was already reported for two 
transcripts, psbA and rbcL (Bruick and Mayfield, 1998; Shapira, 1997). In the case 
of psbA mRNA, mutation of the ribosome binding site in the 5’UTR affected the 
level of accumulation of the processed form. Indeed a correlation is observed 
between an altered translation and the lack of proper psbA and psbB 5’ maturation, 
as observed by primer extension (Bruick and Mayfield, 1998; Mayfield et al., 
1994; Vaistij et al., 2000b). In addition, only the psbA transcripts containing the 
short 5’UTR can associate with the ribosomes (Bruick and Mayfield, 1998; 
Mayfield et al., 1994; Vaistij et al., 2000b). In conclusion, 5’ maturation can lead 
to stabilization and can also affect translation. 
Recently, a surprising feature appeared from a suppressor study of 
two petD linker-scan mutants, LS2 and LS6, in the laboratory of Stern. Both 
strains are mutated in a sequence named box I required for stability and translation 
of the transcript (Higgs et al., 1999; Rymarquis LA, 2006). Three nuclear loci were 
characterized as suppressors of petD LS2 and LS6 mutants. Although most of the 
nucleus-encoded factors involved in chloroplast RNA processing appear to be 
specific for a given transcript (Erickson, 2005b), the three suppressors mcd3, mcd4 
and mdc5 exert pleiotropic effects on the maturation of 17 chloroplast transcripts. 
The mcd3 and mcd4 mutants are affected in maturation of the following 
transcripts: petD, psbB, atpA, psbI, cemA, atpF, atpH, psbJ, atpI, psaJ rps12, 
rpl36, rpl23, rpl2. The mcd5 suppressor appears to affect the maturation of three 
other RNAs. In these mutants, effects on transcript maturation are detectable at 
both 5’ and 3’ends. The finding that specific suppressors could exert broader 
effects on various transcripts raises the question of their possible participation in 
multiple complexes involved in RNA maturation. Thus, these complexes could 
share common components. In addition to the proteins involved in maturation and  
3 – Linker scan analysis of psbB cis-acting elements 
involved in transcript accumulation and CP47 translation.
I - Introduction
Figure 14: (A) Model of the formation of the 3’ end of atpB mRNA in Chlamydomonas. After 
transcription, endonuclease and exonuclease activities are implicated in the shortening of the 3’
trailer. (B) The enzymatic events and mechanisms are however not precisely characterized but  
four scenari are possible (Hicks A., 2002)
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stability, and referred to as the M factors (Choquet, 2002), a second 
class, the T factors, groups all the proteins which play a role in translation and 
assembly of some of the subunits of the chloroplast complexes. These factors will 
be described in the following “Translation” section (Choquet, 2002) (figure 15). 
In conclusion, we can also observe that in the process of RNA 
maturation and stabilization, many of the factors are of nuclear origin. 
 
3’ end maturation: 
 
As for the 5’ ends, sequences at the 3’ UTRs are important for 
transcript accumulation and translation. They contain inverted repeats that can 
form stem-loops (in a manner similar to -independent terminators of transcription 
in E. coli). In the chloroplast, deletion of these stem-loops leads to a rapid 
degradation of the transcripts and unlike in bacteria, chloroplast transcript 3’end 
formation requires a specific post-transcriptional maturation process (Bollenbach, 
2004; Rott, 1998c; Stern, 1997). A 2-step process has been proposed:  
- First, an internal cleavage by an endonuclease cuts at a certain site 
downstream of the 3’ stem-loop. Although the mechanisms by which the 
endonuclease(s) cuts at specific sites is still poorly understood and although the 
enzymes themselves are not yet characterized, a specific sequence, an 
endonuclease cleavage site (ECS) has been well characterized through the study of 
the atpB premature 3’end sequence (Hicks, 2002) (figure 14). It is located 8-10 
nucleotides downstream of the mature 3’end. The downstream 3’part of the RNA 
released after endonuclease cleavage could not be detected by primer extension 
and may be subject to rapid degradation. 
- The second step involves 5’ to 3’ trimming by an exonuclease until 
it reaches the bottom of the stem-loop structure thus forming the proper 3’ end. 
This organized structure blocks the progression of the enzyme (Bollenbach, 2004; 
Monde et al., 2000).  
 
Figure 15: Scheme of the successive steps involved in the regulation of chloroplast transcript 
expression. The M (maturation and stability) and T (translation and assembly) factors bind to 
the transcripts directly or indirectly with other factors to exert the necessary control and to 
ensure a coordinated expression of the subunits of the photosynthetic complexes. The control 
by epistasy of synthesis (CES) may involve some of these factors (Choquet Y., 2002)
3 – Linker scan analysis of psbB cis-acting elements 
involved in transcript accumulation and CP47 translation.
I - Introduction
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Whether or not these factors are specific to a transcript is not clear. 
However, in Chlamydomonas reinhardtii, a nucleus-encoded gene, crp3 initially 
characterized as a suppressor of a deletion of the stem-loop at the 3’end of atpB, 
also appears to be involved in maturation of other transcript 3’ends (Levy, 1999). 
In addition, the discovery of mcd3, mcd4 and mcd5 mutants described above 
seems to indicate that the 3’ maturation machinery may share common 
components (Rymarquis, 2006).  Further data about exonuclease activities came 
from the discovery of a 3’ to 5’ exonuclease of 100 kDa protein related to the 
100RNP/PNPase or 100RNP polynucleotide phosphorylase (Lisitsky, 1997). In 
addition this enzyme was shown in spinach chloroplast extracts to be responsible 
for both transcript degradation by exonuclease activity and polyadenylation 
activity (Yehudai-Resheff, 2001).  
What is the interplay between the 5’ and the 3’ UTRs? A recent 
study in Chlamydomonas using various combinations of 5’UTRs with their 
respective promoter sequences (atpA, rbcL, psbA, psbD, 16S rRNA) and 3’UTRs 
(atpA, rbcL, psbA, tRNAarg) fused to a heterologuous gfp reporter led to the 
conclusion that 3’ UTR substitutions had no significant effect on the  stability and 
translation of the chimeric transcripts. At contrast, 5’UTR substitutions had much 
more impact on gene expression (Barnes, 2005). As mentioned above, the three 
mcd3, mcd4 and mcd5 factors could be implicated in few multi-target complexes 
with 3’end RNA maturation activities, or in more numerous and specific 
complexes (Rymarquis, 2006).  
In addition, a potential consequence of chloroplast UTR maturation 
events could be 5’-3’ interactions between the ends of the same mRNA. Indeed, 
circular polysomes have previously been observed by electron microscopy (Chua, 
1976). This interaction could be mediated by the numerous specific and common 
cis-acting sequences or structures and trans-acting factors characterized so far and 
detailed below.  
 
Exo and endonucleases 
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The exo- and endonuclease activities can act at both ends of a 
transcript and in addition at internal locations. After cleavage by an endonuclease 
between the coding regions of a polycistronic transcript, individual transcripts 
from the precursor are generated (Bollenbach, 2004). Drager observed that 5’ to 3’ 
exonuclease activity was important for mRNA decay pathways in chloroplasts 
(Drager, 1999). Additionally, in Chlamydomonas several mRNAs, like petD, psbD 
or psbB were found to be stabilized by insertion of a stretch of eighteen guanosines 
(G18) in their 5’ leader. This insertion also determined the position of their new 
5’ends. In addition, as a control it was demonstrated that the G18 does not serve as 
a recognition site for an unknown endonuclease which could cleave at its 
immediate 5’end (Drager, 1999). This confirms that addition of G18 blocks a 5’ to 
3’ processivity of an exonuclease like in E. coli. In Chlamydomonas, this has been 
reported for the petD transcript, whose accumulation is impaired in the mcd1-1 
nuclear background. Upon, G18 insertion at several sites in the petD 5’UTR, the 
accumulation of the transcripts is restored, but not their translation. G18 insertion 
defines new locations for the 5’ends but this aberrant processing impairs 
accumulation of the petD product, subunit IV of cytochrome b6f (Drager, 1998; 
Esposito et al., 2001). The conclusion of this work is a mechanism of continuous 
degradation of the petD mRNA by a 5’ to 3’ exonuclease activity. A similar result 
was observed for psbD, in the WT and in the nac2-26 mutant when G18 was 
inserted upstream of the processing site of the 5’UTR of chimeric psbD:aadA 
(aminoglycoside adenine transferase). Likewise for psbB, in the WT and in the 
mbb1 background G18 was inserted at position –100 from the start codon in the 
long 5’UTR of the chimeric psbB:aadA construct. In this case, a new 5’end located 
at the position of the G18 was detected by primer extension experiments in both 
strains. This result reveals that the psbB 5’end is shortened by 5’ to 3’ trimming in 
Chlamydomonas chloroplast. Nevertheless, in the mbb1 mutant, this abundant 
transcript was not subsequently processed at -35 and did not give rise to protein 
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accumulation, indicating that accurate 5’end formation is important for translation, 
as for psbA (Drager, 1998).  
Although the involvement of an exonuclease activity seems well 
established, there is no current evidence for endonucleolytic maturation in the case 
of these three transcripts but we cannot exclude it together with the exonuclease. 
In a first model, the 5’ to 3’ progression of the exonuclease would be 
limited to the upstream part of the leader by a cut in the RNA at the position of 
maturation. This break would stop the processivity of the exonuclease and possibly 
release the mature mRNA from the upstream part of the RNA leader as it is 
degraded. Concerning this mode of cleavage, two types of enzymes could act 
depending on whether the RNA-binding sequence is identical to the cleavage site: 
the first class would recognize a specific target sequence and the cut would be 
located within this motif, and alternatively, the second class of enzymes could 
recognize and bind to the same sequence but the cut would occur in the vicinity 
independently of the sequence of this cleavage site. In these two cases, the 
interaction between the endonuclease and the RNA could be direct but also 
mediated by a third factor. Several nucleus-encoded endonucleases have been 
reported and characterized in spinach and mustard. However none of them was 
shown to play a role in vivo (Bollenbach, 2003). 
A second mechanism of mRNA stabilization could be mediated by 
protein interactions with the 5’ leader without endonucleolytic maturation. Thus, 
the 5’ to 3’ processivity of the exonuclease would be stopped by a bound protein 
and the enzyme would then be released from the matured transcript. 
In the case of psbD, psbA and psbB, the 5’end maturation still occurs 
when the sequence of the processing site is altered (Bruick and Mayfield, 1998; 
Nickelsen, 1999; Nickelsen et al., 1999) (and this work). This suggests that the 
recognition of the maturation site involves surrounding elements downstream of 
the mature 5’end, rather than the processing site itself. Whether or not an 
endonuclease is involved is not established. However, the pattern of psbB 
maturation at -35 as detected by primer extension reveals that around this major 
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product, -34 and -36 ends can be detected at low abundance. This could reflect a 
structural flexibility of the molecular components that assemble on the 5’ UTR.  
 
3  Splicing 
 
Group I and group II introns are present in the chloroplast. These two 
classes of introns have different structures and their catalytic activity is probably 
mediated by the intron RNA and nucleus-encoded factors (Li, 2002). Splicing can 
be regulated by external stimuli such as light, redox level and/or photosynthesis as 
reported for psbA transcripts (Deshpande, 1997). More chloroplast transcripts 
contain introns in land plants compared to Chlamydomonas in which only three 
transcripts are undergoing splicing. They are psbA and psaA RNA, each product 
associated with a different photosystem and the 23S ribosomal RNA. 
In C. reinhardtii the 23S rRNA and psbA genes contain group I 
introns. Involvement of nucleus-encoded factors has been shown in the case of 23S 
rRNA (Herrin, 1990; Li, 2002). The nuclear mutant ac20 is deficient in splicing, 
pre-rRNA processing and over-accumulates precursors (Herrin, 1990). The psbA 
RNA, which encodes the D1 protein, contains four introns and splicing of one of 
them is light regulated (Deshpande, 1997; Lee, 2003). 
In the case of Chlamydomonas psaA, three exons are independently 
transcribed and their assembly allows the formation of a functional splicing 
structure between the flanking regions of two consecutive exons. In the case of the 
intron between exon 1 and 2, the RNA structure is completed by an external small 
RNA, tscA, encoded by the chloroplast (Goldschmidt-Clermont, 1991). Thus psaA 
maturation is called trans-splicing. A genetic screen for psaA splicing mutants led 
to the characterization of 14 nuclear loci. Three of this these have been cloned but 
their complete biochemical characterization is still in progress (Goldschmidt-
Clermont, 1990; Merendino, 2006; Perron et al., 1999; Rivier et al., 2001). 
Numerous proteins are involved in chloroplast splicing and the list of 
nuclear gene products involved is still not exhaustive. However, recent work in 
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maize led to the characterization of four novel factors: CRS1, involved in the type 
II splicing of atpF intron and CRS2, a splicing factor of many other chloroplast 
transcripts (Jenkins, 1997; Ostheimer, 2005; Ostheimer, 2003). Two associated 
factors, CAF1 and CAF2 were recently shown to interact with CRS2 (Ostheimer, 
2006). 
 
4  Editing 
 
Editing is an additional post-transcriptional event occurring in the 
chloroplast that involves the modification of cytosine (C) to uridine (U). This 
mechanism targets selected bases in a highly sequence specific manner. It restores 
codon identity for conserved amino-acids of the affected protein. In maize, 26 
positions are edited in 13 transcripts; in rice, 21 editing sites are present on 11 
transcripts; in tobacco, 31 edited positions are found and 28 in A. thaliana. Editing 
sites are identified by T position on cDNAs where a C is present on the DNA gene 
sequence (Corneille, 2000; Tillich, 2005). In maize, this corresponds to 0.13% of 
amino acid positions that can not be derived from the original codons on the 
corresponding genes (Maier, 1995). Although most of the editing sites are present 
in internal codons and are evolutionary conserved between ecotypes and land plant 
species, some editing appears to alter the function of the concerned proteins 
whereas editing at other positions does not change the specified amino acid 
(Corneille, 2000). In addition, editing of the first codon to convert an ACG into an 
AUG was described in three transcripts, rpl1, psbL and ndhD (Tsudzuki, 2001). 
However, no editing has been reported in the chloroplast of Chlamydomonas (Zito, 
1997). 
 
5  Targeting of chloroplast transcripts 
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As described in this chapter, chloroplast post-transcriptional events 
are complex and involve many chloroplast- and nucleus-encoded factors 
(Goldschmidt-Clermont, 1998). The internal chloroplast architecture creates 
specialized domains and compartments for the various reactions taking place in 
this organelle. Since in mature chloroplasts, cpDNA is localized to thylakoid 
membranes, this suggests that transcription is compartmentalized (Sato, 1999). 
Several specific factors involved in post-transcriptional RNA maturation events 
are differentially localized in the various intrachloroplastic domains, indicating 
that some of these steps may be spatially organized. Some factors can be detected 
in the stroma, like processing and splicing factors, respectively CRP1, CRS2 in 
maize (Fisk et al., 1999; Jenkins, 2001) and RAA3 in Chlamydomonas (Rivier et 
al., 2001), or in the same organism, maturation and stabilizing factors, like MBB1 
and NAC2 (Boudreau et al., 2000; Rivier et al., 2001; Vaistij et al., 2000a). Four 
specific factors have been shown to localize to low density membranes: the 
ribosome release factor RF4 from spinach (Rolland, 1999); and in 
Chlamydomonas, TBC2, a psbC specific translation activator (Auchincloss, 2002); 
RB47, a polyA-binding protein involved in psbA translation; and the group II 
splicing factor RAA2 (Perron et al., 1999; Rolland, 1999). Thylakoid membranes 
seem to play a role in chloroplast gene expression. As a condition for the co-
translational insertion of thylakoid membrane proteins, several transcripts 
including psbA, psbD can be found associated with thylakoids (Breidenbach E, 
1988). In an analogy with the rough endoplasmic reticulum of eukaryotes, 
Margulies named rough thylakoid regions where polysomes were present 
(Margulies MM, 1983) and suggested that translation of thylakoid proteins would 
take place at the proper membrane location. An abundant literature relative to 
thylakoid-bound ribosomes can be found (Alscher, 1978; Chua, 1973a; 
Delepelaire, 1984; Margulies, 1987). Later Hattori and Margulies reported that 
even synthesis of soluble stroma protein could take place on thylakoid membranes: 
they measured that about half of the soluble large subunit of Rubisco was 
synthesized on thylakoid membranes (Hattori, 1986). Nevertheless, protein 
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synthesis in the stroma can account for soluble and membrane proteins whose 
entry in the membrane can be subsequently assisted by specific factors (Finazzi, 
2003; Gohre, 2006; Jarvis, 2004; Schnell, 1998; Schunemann, 2004; Vothknecht, 
2005). Furthermore, chloroplast fractionation experiments in barley concerning 
psbA revealed that about 80 % of psbA mRNA is present in the soluble extracts 
(Klein, 1988). Among this fraction, 75% is found in non-polysomal fractions, and 
less than 5% is associated with the ribosomes and small polysomes. The remaining 
20 % were found associated to polysomes in the chloroplast membrane fractions. 
In addition, very recent lines of evidence suggest that photosystem II biogenesis is 
taking place at defined locations within the membranous systems of the 
chloroplast. Indeed, Chlamydomonas psbA mRNAs encoding the PSII D1 subunit 
and many ribosomes localize at the posterior lobe of the chloroplast, and inhibition 
studies suggest that translation is not necessary for localization. This targeting 
could be triggered by light-regulated RNA-binding proteins (Uniacke, and Zerges, 
personal communication). Several in vitro assays with a growing number of RNA 
binding proteins (RBP) like RB47 or RB60, revealed their binding to sequences 
within the 5’UTR of various chloroplast transcripts, and in vivo assays revealed 
that one of these protein, RB60, is partitioned between stroma and thylakoids 
(Alergand, 2006; Barnes, 2004; Trebitsh, 2001). Localization of these factors to 
low density membranes or to thylakoids seems to indicate a spatial organization of 
some of the post-transcriptional events along the various chloroplast compartments 
or domains. In addition, their RNA binding activities can be modulated by external 
stimuli such as light, but nothing is known about their localization determinants 
(Danon and Mayfield, 1991; Zerges and Rochaix, 1998). 
 
All these post-transcriptional events on RNAs described previously 
and RNA degradation (described in section 7 of this chapter) have an impact on 
the next step of gene expression, translation, which in turn can be regulated in 
many ways for proper assembly in complexes, since the subunits are in general 
present in a 1:1 stoechiometry.  
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6  Translation 
 
Translation in chloroplast is particular. It shares features with the 
prokaryotic and eukaryotic machinery, and also possesses exclusive features.  
Similar to that of bacteria, the 30S subunit positions to the start 
codon. The initiation amino-acid is a formylated methionine brought to the 
ribosomal 30S by a specific f-met-tRNA. Subsequent GTP hydrolysis drives the 
release of initiation factors and assembly with the 50S subunit to form the 70S 
ribosome structure.  Recent evidence based on structural studies by Mayfield’s 
laboratory (unpublished data) indicate an additional structural prominence unique 
to chloroplast ribosome architecture whose specific function is still unknown but it 
could serve as a platform to control some steps of translation as proposed by the 
author. Indeed, many regulatory events can be associated with ribosomes (and 
translation) like transcript maturation, regulation of protein synthesis, regulation 
and coordination of folding. 
Control of translation per se appears to mainly occur at the initiation 
level, rather than during elongation and termination in the chloroplast (Gillham et 
al., 1994; Hauser et al., 1996; Stern, 1997; Zerges, 2000), even though two nuclear 
mutants, nac1-18 and ac115 involved in psbD translation elongation have been 
characterized. The significance of a regulation at this step is that during synthesis, 
proper folding of the nascent chain may require pausing (Rattanachaikunsopon, 
1999; Wu, 1995). Toe-printing experiments allowed characterization of 
preferential sites of pausing on psbA mRNA of barley (Kim, 1994) and on the 
pentacistronic RNA encoding four of the five subunits of the ATPase in spinach 
(Stollar, 1994). 
Several other aspects seem to be specific to chloroplast protein 
synthesis: 
First, concerning the translation apparatus of Chlamydomonas, 
proteomic studies of purified 70S ribosomes led to the identification of two non-
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ribosomal proteins, RAP38 and RAP41, orthologs of the spinach or tobacco 
CSP41, an RNA-binding protein with a predicted endonuclease activity 
(Bollenbach, 2003; Yamaguchi, 2003). The authors raise the question of a possible 
maturation while the mRNA is associated to the ribosome which could have an 
effect on the regulation of translation. A possible illustration of this hypothesis 
could be the 5’ UTR processing of psbA which shown to be correlated with 
ribosome association (Bruick and Mayfield, 1998). 
Second, concerning the recognition of the mRNA by the ribosome, 
thirty eight out of the ninety nine tobacco chloroplast messenger RNAs lack a 
Shine-Dalgarno-like sequence (SD) between positions -18 to -6 (Sigiura., 1998). 
SD is the bacterial consensus ribosome binding sequence (GGAGG) usually 
located between bases -9 and -5 relative to start codon involved in ribosomal 30S 
subunit entry and assembly on the messenger’s 5’UTRs. A complementarity 
between this SD sequence and a sequence named anti-SD located at the 3’ end of 
the 16S rRNA is involved in this recognition. Although the mechanism of 
translation initiation of the first class of transcripts possessing a Shine-Dalgarno-
like motif seems similar to that occurring in bacteria, the second class of 
transcripts does not seem to possess such a common sequence to attract ribosomes. 
Surprisingly, mutations in the SD-like sequence in four 5’UTRs of chloroplast 
transcripts (atpB, atpE, rps4 and rps7) fused to aadA or uidA does not impair 
proper protein synthesis (Fargo, 1998). In contrast, SD replacement mutagenesis in 
psbD and psbC led to 75 % a reduction of D2 and CP43 protein synthesis 
(Nickelsen, 1999; Zerges, 2003; Zerges, 1997). Additionally in tobacco chloroplast 
extracts, the SD-like sequence of rps2 was reported to act as a translation inhibitor 
(Plader, 2003). Thus it is still not clear whether SD-like sequences are functional 
in plastid translation. Because of the lack of SD-like sequence on psbA mRNA, 
two alternative ribosome binding sequences RBS1 (AAG) and RBS2 
(UGAUGAU) were proposed since their mutation abolished in vitro translation 
(Hirose, 1996). Another study in tobacco identified a partial SD-like sequence 
(GGA) in rps14 (Hirose, 1998). However in the case of these three putative SD-
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like sequences, the relevance of the suggested basepairing with the 16S rRNA has 
not yet been further tested by compensatory mutation and it is apparent that the 
basepairing with the 16S ribosomal RNA is not perfect. Toeprinting of ribosome 
binding on barley rbcL and psbA mRNAs raised the possibility that translation 
initiation on psbA may also involve the transient binding of chloroplast ribosomes 
to an upstream SD-like sequence, followed by scanning to localize the initiator 
AUG (Kim, 1994), a phenomenon described in eukaryotes and referred to as 
ribosome scanning. 
Because of this intriguing lack of SD interaction in chloroplast 
translation and to obtain more insights into cis-acting sequences, more systematic 
studies in Chlamydomonas and tobacco were performed using sequence deletions 
or substitutions in 5’UTR cis-elements. They revealed sequences and structures 
specific for translation (Mayfield et al., 1994; Zou, 2003). Secondary structures 
within 5’ UTRs were also found in psbC, petD and rps7 in C. reinhardtii (Fargo et 
al., 1999; Higgs et al., 1999; Zerges, 2003; Zerges, 1997). A 4 fold decrease in 
binding affinity of the ribosomal proteins CreS1 with psbD messenger 5’ UTRs 
deleted in a stretch of uridines was observed in vitro compared to the WT. The 
result also correlates with impaired translation (Beligni, 2004; Fargo et al., 2001; 
Merendino, 2003; Yamaguchi, 2002). To complete the picture, maturation at the 
3’end by processing or binding of trans-acting factors can lead to enhanced 
translation compared to non processed messenger RNAs (Rott, 1998a). Together, 
both at the 3’ and at the 5’ends, these events of maturation are essential for 
translation (Hirose, 1997). A bioinformatics prediction revealed candidate protein-
RNA binding sites upstream of the atpF, petB, clpP, psaA, psbA, and psbB genes 
in many chloroplasts of algae and plants (Seliverstov, 2006). The authors suggest 
that some of these sites are involved in translation suppression until splicing is 
completed, and possibly the maturation events occurring at the 3’ and 5’ ends of 
the RNAs could act in a similar manner. Indeed, sequences involved in translation 
regulation are mainly located within the 5’ and the 3’ UTRs, including sequences 
immediately downstream from the start codon (Barnes, 2005; Esposito, 2001; 
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Ikeda, 1998). Their functions are diverse: attracting specific trans-acting factors, 
generating thermodynamically competent ribosome binding structures by RNA 
processing and / or protein binding, basepairing with the 16S ribosomal RNA 
during initiation (Kuroda., 2001) or with interaction with ribosomal proteins like 
S7 or CreS1 (Fargo et al., 2001). 
A third particularity of the Chlamydomonas chloroplast translation 
machinery was revealed by proteomic studies of the translation apparatus. The 
small ribosomal subunit is composed of 20 proteins. Some of them have unique 
features. Indeed the size of three proteins, S2 (57 kDa), S3 (76 kDa) and S5 (84 
kDa) appear to be prominently larger in C. reinhardtii than the Escherichia coli 
orthologs. They carry either N-terminal extensions (S2 and S5) or an internal 
insertion (S3). In addition a novel protein containing a domain similar to S1was 
identified, PSRP-7 (Yamaguchi, 2002). The authors suggest that these additional 
domains could interact with CreS1 in translation initiation. 
Fourth, several factors of nuclear origin are required for translation 
within the chloroplast. They were characterized and cloned in a manner similar to 
that of the trans-acting factors involved in transcript stability and maturation. In 
these mutants listed below, normal levels of mRNAs were detected by Northern 
blotting, and they showed a maturation similar to that in wild type but they failed 
to accumulate the corresponding chloroplast protein as revealed by western 
blotting. In addition, it is possible to determine if a protein is normally synthesized 
but fails to accumulate or if no synthesis is initiated. Indeed, short pulse-labeling 
of Chlamydomonas cells with radioactive acetate or sulfate allows the detection of 
newly synthesized proteins before they are degraded even if they are short-lived. If 
the translation of a protein is impaired, its absence can be visualized by SDS-
PAGE and autoradiography. Thus western blotting and pulse-labeling techniques 
allow one to distinguish between protein synthesis, followed by subsequent 
degradation, and a real defect in translation per se. Combination of these two 
techniques for the analysis of some photosynthetic mutants led to the discovery 
that in most of the cases, nucleus-encoded factors exist that are specifically 
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required for the translation of a single transcript. The list of cloned genes of factors 
of this sort is still growing in many organisms. In C. reinhardtii: TBC1, TBC2 and 
TBC3 are involved in the translation of psbC, TAB2 for psaB, TCA1 for petA. The 
PPR-containing protein HCF152 is required for the translation of petD in 
Arabidopsis (Auchincloss, 2002; Dauvillee, 2003; Kim, 1994; Meierhoff, 2003; 
Monde, 2000; Ossenbuhl and Nickelsen, 2000; Sakamoto et al., 1994; Sakamoto, 
1994; Wostrikoff, 2001; Zerges, 2003; Zerges, 1997). In maize, CRP1 is necessary 
for proper petB-petD mRNA processing and translation (Fisk et al., 1999) and 
ATP1 is involved in atpB and atpE mRNA translation (McCormac, 1999). In 
Arabidopsis, the PPR-containing protein PRG3 is involved in petL mRNA stability 
and translation (Yamazaki, 2004). CRR2 is involved in translation of ndhB in 
Arabidopsis (Hashimoto, 2003). It is a member of the plant combinatorial and 
modular protein (PCMP) family (related to the PPR family) composed of more 
than 200 members. 
In few cases translation factors can exert pleiotropic effects, thus 
affecting synthesis of several proteins, like ATAB2 in Arabidopsis thaliana which 
controls the level of protein accumulation of several PSII, PSI and LHC proteins 
(Barneche, 2006). In addition, pulse-labeling experiments in Chlamydomonas cells 
treated with rifampicin, which strongly decreases chloroplast transcription and 
hence mRNA accumulation (down to 10 % compared to the non treated cells and 
even reaching 2 % for petA and atpA), revealed no decrease in the rate of 
corresponding protein synthesis (Choquet, 2002; Eberhard, 2002). This shows that 
the translation is not limited by accumulation of the mRNAs. Thus control of 
chloroplast gene expression appears to occur in a large part at the translational 
level. These facts in the chloroplast differ markedly from those of their E. coli 
counterparts where the levels of protein synthesis are directly correlated with the 
levels of transcript accumulation. In addition, the recent report of a translation 
activator report in S. cerevisiae mitochondria acting in limiting concentrations 
strongly argues for a regulatory function different in organelles compared to 
bacteria (Green-Willms, 2001). 
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Another event of translation control has been observed in the early 
steps of assembly of a photosynthetic complex. When certain subunits are not 
assembled, the translation of their own messenger is diminished. Such a control of 
translation in Chlamydomonas chloroplast occurs in the case of PSII, cytochrome 
b6f, PSI, ATP synthase, and ribulose bisphosphate carboxylase, five major 
photosynthetic complexes. This regulation is referred to as the control by epistasy 
of synthesis or CES process (Choquet, 1998; Choquet, 2002; Gumpel, 1995; 
Minai, 2006) (figure 15). The decrease of translation of one of these mRNAs is a 
consequence of the direct or indirect interaction between the transcript 5’ UTR and 
a region of its protein product only if it is unassembled. In the case of the 
sequential assembly of PSII, when D2 is not synthesized, D1 synthesis is reduced 
(through the probably indirect interaction between the unassembled D1 and its 
psbA mRNA). This interaction could involve M factors (involved in the 
accumulation and the maturation) and T factors (involved in the translation and the 
assembly) (Choquet, 2002). The process is similar for the regulation of translation 
of CP47 and PsbH protein synthesis. It is understood as the requirement of 
assembled partners in order to allow synthesis of the next subunits which are to be 
assembled. In the case of the cytochrome b6f complex, the regulatory effect is 
mediated by the same type of interaction as between the C-terminal part of the 
unfolded cytochrome f subunit and the 5’ UTR of its transcript. The target seems 
to be located in the 5’UTR sequence as revealed by the use of a reporter construct. 
When controlled by this leader, the chimeric gene also displayed a CES behavior. 
It is suggested that these interactions could be mediated by intermediate factors 
rather than a direct interaction between unassembled proteins and the specific 
5’UTRs (Choquet, 2002; Minai, 2006; Wostrikoff, 2004). An assembly dependent 
regulation of translation may also exist in higher plant chloroplasts. When the 
small Rubisco subunit is absent, a decrease in the association between rbcL 
mRNAs and polysomes could be explained by a CES behavior of the large subunit 
(Cohen, 2006; Rodermel, 1996). In Saccharomyces cerevisiae, translation of 
mitochondrion-encoded subunits of ATP synthase and of cytochrome oxydase 
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appears to be regulated in a manner similar to the CES model (Nakai, 1995; Ooi, 
1987). A model proposed by Choquet (2002) describes the possible sequential 
order of events during the major steps of chloroplast gene expression and 
regulation (figure 15). He also proposes a model on how these factors are 
interacting together. After transcription, the RNA is processed by a family of 
proteins named the M factors (for maturation and stability). Subsequently, the 
association of a T factor to the mRNA allows for its translation. They belong to a 
second family of proteins required for translation and assembly of the major 
chloroplast complex subunits. If the newly synthesized product cannot assemble, it 
sequesters its corresponding T factor, thus blocking further translation. Under 
ongoing assembly of the subunits into their nascent complexes, the respective T 
factor would stay available for further translation. In this model, the T factors 
could sense the state of assembly of the nascent complexes and could take part in 
the control of epistasy (CES). 
Translocation of proteins into membranes is also an important 
process guiding translation. A maize mutant of the bacterial SecY ortholog, 
affected in one of the thylakoid translocation pathways was defective in translation 
of some proteins (Roy, 1998). Nevertheless, this could be an indirect consequence 
of reduced photosynthetic activity, i.e. a lack of energy. In the same organism, lack 
of cpFtsY, the chloroplast homolog of the bacterial receptor of the signal 
recognition particle (SRP)) led to a decrease in chlorophyll content, of light-
harvesting complex proteins and of thylakoid abundance (Asakura, 2004). In 
addition, many factors are required to target and initiate assembly of membrane 
complexes. In their absence, lack of translocation can destabilize the membrane 
and the complex can fail to accomplish its function (Gohre, 2006; Keegstra, 1999; 
Robinson, 1998). 
Proteins can also undergo a maturation process, including cleavage 
of the transit peptide after chloroplast import or the removal of the signal peptide 
after targeting to the thylakoid. The efficiency of this maturation also depends 
upon the location of the protein precursor, as in the case for the pre-apocytochrome 
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f in Chlamydomonas reinhardtii (Kuras, 1995). Although heme binding was not a 
prerequisite for processing, amino acid substitutions at the site of maturation led to 
a slow down in processing and this mutant was unable to grow phototrophically. 
Furthermore, the same study revealed that deletion of the membrane binding C-
terminal part of cytochrome f precursor apparently decreased its rate of translation. 
Regulation of translation can also respond to external signals. In the 
case of psbA, a correlation was observed between light-enhanced translation and 
higher-affinity binding of the 5’ end of the transcript by RB47. This factor is 
identified as a member of the poly(A) binding protein family normally found in the 
cytoplasm of eukaryotes (Yohn et al., 1998a; Yohn et al., 1998b). RB60, a protein 
disulfide isomerase is thought to bind to RB47 and to modulate its activity via 
redox and phosphorylation control (Alergand, 2006). This finding indicates that in 
the Chlamydomonas chloroplast, a bacterial-like ribosome interacts with 
eukaryotic-like factors. In the case of psbA cited above, light could control 
translation elongation of D1, a step of translation rarely controlled in chloroplasts 
(Hedhofer, 1998). However, this effect could also be explained by a decrease of 
energy. Furthermore, as light is also responsible for the formation of the 
photosynthetic proton gradient, this gradient could regulate translation elongation 
in chloroplasts (Muhlbauer, 1998). 
In addition to these events associated with translation, protein 
folding, processing, maturation and assembly have to be coordinated to the binding 
of pigments and cofactors, especially for those embedded in the membranes. As 
one can picture, translation control is the result of a unique combination of 
translational autoregulation and trans-regulation in order to prevent wasteful 
production of proteins (Baena-Gonzalez and Aro, 2002; Choquet, 2002).  
 
7  Stability and degradation of chloroplast transcripts 
 
In E. coli, the average mRNA half-life is about twenty minutes. 
However, in the chloroplasts and in Chlamydomonas in particular, their stability is 
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much higher. When measured even 6 hours after transcription arrest by rifampicin, 
RNA levels were still ranging between 10 to 70% of initial levels (Eberhard, 
2002). According to the authors this extended transcript stability could suggest a 
mRNA storage process. This storage could be mediated by association of RNAs 
with protein complexes involving the M and / or the T factors (Choquet, 2002) 
(figure 15). Indeed, RNA stability in the chloroplast relies on participation of 
nucleus-encoded maturation and stabilization factors. Monod and al. reported that 
degradation can occur very rapidly after transcription in absence of such a factor, 
MBB1 as shown for psbB-psbT-psbH transcript in the nuclear mbb1 mutant 
(Monod et al., 1992), but it is not the only example. (Please consult the section 2: 
“Processing”, of this chapter for a more exhaustive list of stabilizing factors). 
NAC2 is also an other example of protein required for the accumulation of the 
psbD mRNA (Boudreau et al., 2000; Kuchka et al., 1989; Nickelsen et al., 1999). 
Stability also relies upon RNA cis-acting sequences. A 50 fold decrease of rbcL 
mRNA accumulation is observed upon deletion of certain sequences of its 5’ UTR 
(Salvador, 2004; Singh, 2000). Different sequences with similar stabilizing 
function for petD were described and a nucleus-encoded factor, MCD1 was cloned 
(Bollenbach, 2004; Hicks, 2002; Komine, 2002; Monde et al., 2000). (see section 
“Processing”). These protein – RNA interactions are believed to protect naked 
RNA molecule from nuclease activity. The degradation of mRNAs initiates at both 
the 5’ and 3’ ends and also at internal sites. Endo- and exo-nuclease activities have 
been reported to degrade chloroplast RNAs (Bollenbach, 2004; Komine, 2002; 
Komine, 2000; Lisitsky, 1997; Lisitsky, 2001; Rott, 1998b; Rott, 1998c; Rott, 
2003; Vaistij, 1999; Vaistij et al., 2000b). In tobacco, the chloroplast 
endoribonuclease CSP41a has been characterized (chloroplast stem-loop binding 
protein 41a) which is conserved in plants (Bollenbach, 2003). It has been first 
characterized as a protein that could cleave within stem-loops of the 3’ UTRs of 
several mRNAs in vitro (Yang, 1996). When silenced at more than 90% by 
antisense RNA, a two- to seven-fold decrease in the degradation rates of rbcL, 
psbA and petD transcripts is observed in lysed chloroplast extracts. Activity of this  
3 – Linker scan analysis of psbB cis-acting elements 
involved in transcript accumulation and CP47 translation.
I - Introduction
Figure 16: Scheme of RNA degradation in the chloroplast of Chlamydomonas. (A and B) The 
RNA is first subjected to endonucleolytic cleavages in the coding sequence (1) and in non 
translated regions (2) (Monde R.A., 2000). (C) These RNA molecules are subsequently 
polyadenylated with heteropolymeric A/G stretches and degraded.
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enzyme is Mg2+ dependent, consistent with the role of Mg2+ in chloroplast RNA 
metabolism (Bollenbach, 2003; Horlitz, 2000; P., 1995). It specifically binds an 
RNA sequence but acts as an endoribonuclease at non-specific sites.  
In some cases and in a manner similar to RNPs, ribosome association 
can also stabilize messenger RNAs, protecting them from soluble nucleases 
(Barkan, 1993; Eberhard, 2006; Eberhard, 2002; Klaff, 1991; Kuroda, 2001). 
Overall, the degradation process of ribosomal RNAs, transfer RNAs 
and messenger RNAs in the chloroplast involves 3’ addition of A-rich sequences 
resembling the polyA signal of eukaryotes. (Komine, 2000). First, endonucleases 
cut within the RNA molecules and stretches of newly synthesized nucleotides are 
added at their 3’ ends (Monde et al., 2000) (figure 16). The consequence is a 
targeting of these tagged RNAs for immediate degradation by 3’ to 5’ 
exonucleases and in parallel by 5’ to 3’ exonucleases. Although chloroplasts and 
Cyanobacteria do not possess a specific polyA polymerase such as in bacteria or 
yeast, the polyadenylation is produced by the polynucleotide phosphorylase 
(PNPase). It produces a heteropolymeric polyA tail containing the other 
nucleotides in addition to adenosine (Portnoy, 2006; Slomovic., 2005). The same 
enzyme is also responsible of the 5’ to 3’ trimming and is also present in bacteria 
(Rott, 2003). The overall consequence of polyadenylation is to induce the 
degradation of the molecule by exonucleases. In plastids, stable transcripts are 
never found in a polyadenylated state (Schuster, 1999). Furthermore, when 
artificial homopolymeric adenosine extension (28A) at the 3’end are generated by 
transcription of chloroplast genes transformed into Chlamydomonas, transcripts 
fail to accumulate whereas addition of other homopolymers (25U, 26[A+U]) does 
not affect RNA stability. However, a heteropolymeric sequences composed of 
23U3A destabilizes the upstream RNA whereas the 26[A+U] do not induce RNA 
degradation (Komine, 2002). This result suggests a specific recognition 
mechanism that targets the transcripts for degradation. Blocking PNPase activity in 
chloroplasts and cyanobacteria leads to lethality (Rott, 2003). 
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I  Introduction 
 
 
Photosynthesis defective mutants of Chlamydomonas allow the 
investigation of molecular aspects of chloroplast function. Some of the mutations 
affect components of the photosynthetic complexes, while others concern proteins 
required for chloroplast gene expression. In their majority, the latter are nucleus-
encoded factors, each of them specifically acting on a single transcription unit in 
the chloroplast. Their characterization reveals regulatory mechanisms of gene 
expression that are mainly post-transcriptional such as RNA stability, RNA 
processing, splicing, translation and complex assembly. We focus in this chapter 
on a representative example, involving the chloroplast psbB/T/H gene cluster and 
Mbb1, a nucleus-encoded protein, which is imported in the chloroplast and is 
involved in maturation and accumulation of the psbB/T/H transcripts (Monod et 
al., 1992; Vaistij, 1999; Vaistij et al., 2000a; Vaistij et al., 2000b).  
The chloroplast psbB/T/H gene cluster encodes components of 
photosystem II (PSII). CP47, the product of psbB, is a major chlorophyll-a binding 
subunit. PsbT is a hydrophobic protein of 4 kDa necessary for efficient repair and 
turnover of photodamaged D1 under excess light (Takahashi and Ohnishi, 2001), 
and PsbH is a 10 kDa phosphoprotein required for the stable assembly of PSII and 
to facilitate the incorporation of newly synthesized D1 protein in PSII complexes 
(Komenda, 2005; O'Connor, 1997; Summer, 1998). The products of the psbB/T/H 
gene cluster assemble onto the nascent PSII complex after D2 and D1 comes CP47 
(Baena-Gonzalez and Aro, 2002; Rhee, 2001; Rokka, 2005; Suorsa, 2004; Vitry et 
al., 1989). CP43 completes the core of the reaction center and is followed by PsbH 
prior to additional proteins. PsbT is assembled later and is required to stabilize the 
complex under adverse light conditions. Moreover, it increases the efficiency of 
the repair after photodamage. Folding of CP47 protein and its embedding into the 
thylakoid membranes occurs during translation. The sequence of events ensuring 
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the proper synthesis and assembly of PsbT and PsbH in the PSII is not known. 
However, their assembly into the PSII has been reported to be post-translational 
(Vitry et al., 1989). This mechanism of assembly seems to be conserved from 
unicellular phototrophic eukaryotes to higher plants. 
The organization of the psbB/T/H gene cluster has been conserved in 
the chloroplast genomes of plants and algae (figure 11), with psbN encoded 
independently on the other strand (Hong, 1995). In higher plants, the three PSII 
genes are followed by petB and petD (encoding cytochrome b6 and subunit IV of 
the cytochrome b6f complex). The cluster is transcribed as a large 6 kb 
polycistronic transcript, which is subsequently processed to a heterogeneous set of 
ca. 20 mono-and poly-cistronic RNAs (Felder et al., 2001; Nakamura et al., 2003; 
Westhoff and Herrmann, 1988). In C. reinhardtii, the psbB, psbT and psbH genes 
are organized in tandem and form a single transcription unit (Johnson and 
Schmidt, 1993; Monod et al., 1992; Vaistij et al., 2000b). Maturation of the 
primary transcript yields the di-cistronic psbB/T mRNA, and the monocistronic 
psbB and psbH mRNAs, but neither a monocistronic psbT transcript nor a tris-
cistronic psbB/T/H are detectable by RNA blotting (figure 12). 
Nucleus-encoded factors have been found to play a role in 
maturation, processing and stabilization of polycistronic transcripts in both higher 
plants and algae. In Chlamydomonas, the stable accumulation of the psbB/T, psbB 
and psbH transcripts depends in trans on the nucleus-encoded MBB1 protein and 
in cis on the 5’ untranslated region (5’UTR) of psbB. MBB1 is a protein of ca. 72 
kDa that belongs to the family of the TPR- (tetratricopeptide repeat) containing 
proteins (figure 27). A major fraction of MBB1 localizes to the stroma, and a 
minor fraction co-sediments with the membranes from which it can be released 
with 0.5 M ammonium sulfate. MBB1 is part of two large multiprotein complexes, 
300 kDa and 2000 kDa. Interestingly in Chlamydomonas, a distinct member of the 
TPR protein family acts on the 5’UTR of another chloroplast transcript, psbD, 
which encodes the PSII protein D2 (Boudreau et al., 2000; Kuchka et al., 1989). 
The nucleus-encoded NAC2 protein is involved in the 5’ maturation of a low 
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abundance precursor (–74 from the start codon), which leads to the stabilization of 
psbD transcripts with a short leader (-47).  
In higher plants, processing and stabilization of the psbB-psbT-psbH-
petD-petB transcripts also involves nucleus-encoded factors such as Hcf107 and 
Hcf152 in Arabidopsis thaliana (Felder et al., 2001; Nakamura et al., 2003). 
Hcf107, a TPR containing protein with a high degree of homology to MBB1 is 
required for the proper stabilization of all psbH containing transcripts. It is 
involved in the intercistronic processing of the psbH 5’UTR and the stabilization 
of the processed psbH RNAs. It is also required for CP47 synthesis. Hcf152 is 
necessary for stabilization of the downstream petD/petB genes. A control of 
translation has also been discovered for the psbB/T/H/petB/petD genes of Zea 
maize, where the nuclear gene Crp1 is required for the translation of the 
chloroplast petA and petD mRNAs and for the processing of the petD mRNA from 
a polycistronic precursor (Chen and Dieckmann, 1994; Fisk et al., 1999). In the 
mitochondria of Saccharomyces cerevisiae, CBP1p is necessary for mRNA 
stability following 5'-processing of the cob mRNA, indicating that homologous 
mechanisms may operate in chloroplasts and mitochondria. 
In Chlamydomonas, the psbB 5’UTR exists in two forms, a long one 
(-147 from the psbB mRNA start codon) which is present in very low amounts, 
and a much more abundant short form (-35). In the mbb1 mutant, the long form is 
present, but the short form fails to accumulate. This short form must be the major 
messenger RNA, because CP47, the protein product of psbB, is absent in mbb1 
where only the long form is present. A deletion analysis of this region has shown 
that there is no promoter directly upstream of -35, implying that the shorter RNA 
must be formed by processing of a transcript initiated further upstream (Vaistij et 
al., 2000b). We thus favor the hypothesis that the long form (-147) is a precursor 
which is processed to yield the short form (-35). Here we report an investigation of 
the cis-acting elements in the 5’UTR of psbB by linker-scan mutagenesis and 
biolistic transformation of the chloroplast genome.  
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II  Analysis of the psbB 5’ untranslated region 
 
Expression of the psbB/T/H transcripts is under the control of cis-
acting elements, some of which are located in the 5’ untranslated region (5’UTR) 
of psbB. By mutagenesis, Vaistij et al. showed that two deletions in the long 
5’UTR of psbB; 1 between the positions -141 and -78 from the start codon and 2 
between -71 and -44 (figure 17), do not decrease mRNA levels and phototrophic 
growth (Vaistij et al., 2000b). In contrast, in 0, harboring a deletion from -147 to -
37, no RNA accumulation was observed for any of the 3 downstream transcripts, 
psbB, psbT and psbH. Because the upstream promoter region is unaffected, the 
putative primary transcript should contain elements of the wild-type 5’UTR from -
37 to the start codon, but this remaining sequence of the leader appears unable to 
allow accumulation of the three transcripts as revealed by Northern blotting or 
primer extension. One possible explanation is that the upstream bases from -37 to -
44 are important stability determinants. This region was therefore included in our 
mutagenesis experiments. Further puzzling elements arose using chimeric 5’UTR 
constructs integrated in three strains: the wild type, and two nuclear mutants, 
mbb1-222, unable to accumulate psbB mRNA, and nac2-26, impaired in psbD 
mRNA accumulation. In one case, T38.A.DB, psbB was placed under the control 
of psbD 5’UTR and promoter, and in the other chimera, T38.A.BDB, the sequence 
between bases -1 to -30 from the start codon of psbB 5’UTR was replaced by the 
short leader of psbD (-1 to -47) (figure 18). None of these strains was able to grow 
on minimum medium. A link between MBB1, psbB 5’UTR, the translation of 
psbB transcripts and psbB and psbH maturation was clearly suggested. First, 
concerning T38.A.DB:mbb1-222, even though psbB transcripts accumulated, no 
growth on HSM was observed and in addition the pattern of psbH transcript 
maturation was aberrant. Only long forms of this RNA accumulated as revealed by 
Northern blot. This suggested that the maturation of psbH relied on MBB1. In the 
second construct, T38.A.BDB, the premature part of psbB leader sequence  
Figure 17: (a) Scheme of the deletion mutants previously studied by Vaistij et al. 2000. The 
arrows represent direct and inverted repeats in the RNA sequence. (b) Growth test on 
minimum medium (HSM) and on medium supplemented with acetate (TAP). (c) Northern 
blot analysis using probes for psbB and psbH transcripts.
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Figure 18: (a) Scheme of the chimeric constructs analyzed by Vaistij et al. (2000). p38ADB 
represents the transforming plasmid for the transformant T38ADB. In this strain, the psbB
5’UTR and promoter were replaced by the psbD 5’UTR. In T38ABDB the psbB region -1 to -
30 covering almost the entire mature 5’UTR was substituted by the -47 to -1 region of the 
psbD 5’UTR. (b) growth test. (c) Northern blots corresponding to the various mutants depicted 
above. The names on the right represent the transcripts detected using various probes.
3 – Linker scan analysis of psbB cis-acting elements 
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including 5 bases just downstream to the processing site at position -35 (between 
positions -147 and -30) was fused to the sequence of psbD short leader (-47 to -1). 
This chimeric leader failed to confer stability to psbB in all the nuclear 
backgrounds tested: WT, mbb1-222 and nac2-26. psbH transcripts failed to 
accumulate in the mbb1 mutant, but when introduced in the nac2-26 nuclear 
background, psbH, including its mature forms, accumulated to wild-type levels. 
MBB1 seems required for psbH maturation and stability. These results suggest that 
neither the -47 to -1 sequence of psbD nor the psbB leader sequence between -147 
and -30 are able to stabilize the downstream psbB-psbT, psbB and psbH 
transcripts. The sequence downstream of the -35 processing site seems to play a 
role in the proper expression and should be covered by our mutagenesis to address 
its precise function. 
Altogether, these results suggested that important determinants for 
translation and stability of the transcripts were located within region of the short 
psbB 5’ UTR and near the processing site. In a previous study by Nickelsen et al. 
(1994) on the psbD leader, the region around the psbD maturation site was 
reported to contain such determinants. At that time, the finding that 5’UTRs could 
be implicated in transcript stabilization was very new and the prevailing dogma 
was that chloroplast mRNAs stability was only governed by their 3‘UTRs.  
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III  Linker scan analysis of the psbB 5’UTR 
 
To obtain more precise insights concerning the 5’elements necessary 
for accumulation of the products (Vaistij et al., 2000b), we decided to mutagenise 
the short leader of psbB and the proximal part of the long leader. A series of eight 
mutations were constructed (figure 19) where, in a sequential manner, six base 
pairs of the sequence were replaced by GGGCCC, the recognition site for the ApaI 
restriction enzyme, a strategy dubbed linker-scan mutagenesis. The successive 
mutations span the region –3 to –48 relative to the translation start codon, thus 
extending 13 nucleotides upstream beyond the end of the major -35 leader. The 
mutations at -26-31 and -37-42 overlap the preceding ones so as to ensure that 
every base in the sequence has been mutated in one of the constructs. The 
mutations were introduced in a transformation vector (p38ANco) harboring the 
aadA gene (Goldschmidt-Clermont, 1991). The selectable marker for chloroplast 
transformation is inserted at position -519 from the psbB start codon and is 
transcribed in the opposite direction relative to psbB/T/H. In this vector the two 
nucleotides preceding the ATG start codon have been changed to create an Nco I 
restriction site, but this change does not measurably affect psbB/T/H expression 
(Vaistij et al., 2000). The vectors were used for biolistic transformation of the 
chloroplast genome and selection on spectinomycin-containing media. In some 
circumstances, homoplasmicity of the desired mutation can be difficult to obtain, 
for instance because of homologous recombination events occurring between the 
position of the mutation and the position of the marker (figure 20-A: panel C, 
undesired recombination, M event). This is due to the fact that after 
transformation, the 80 to 100 copies of the chloroplast genome are not transformed 
at the same time. The integration of the mutagenic plasmid probably takes place 
when homologous sequences are replaced on one copy of the genome. The 
enrichment of this copy will be achieved under selection for a resistance marker. It 
can happen that in spite of intense selection (up to 800 mg/L spectinomycin when 
using the aadA resistance marker although the standard is 150 mg/L) a strain can  
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Figure 19: Linker scan mutagenesis on the long and short forms of the 5’untranslated leaders. 
(A) The coding sequence is in black, the sequence of the short 5’UTR is in red and bases 
only present on the long leader are in orange. Bold AUG represents the psbB start codon, 
bold underlined CCCGGG represents the substituted sequence. (B) The color scheme 
depicted by boxes will be used to follow the mutants in the following figures.
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3 – Linker scan analysis of psbB cis-acting elements 
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Figure 20 - A: (A) The psbB-psbT-psbH gene cluster with its 5’ UTR.  (B) Scheme of the 
mutagenized psbB 5’ UTR and of the selection marker after their integration in the 
Chlamydomonas chloroplast genome. (C) Drawing of a direct chloroplast transformation 
with the linker-scan mutagenic vector. The green cross (M) at the center indicates the 
position where an undesired recombination event could occur  and the two red ones (L) and 
(R) show proper integration sites. (D) Map of the transformant that could be obtained under 
spectinomycin selection but without integration of the engineered mutation in the psbB 5’
UTR, because an unwanted homologous recombination took place at the undesired site (M), 
between the resistance marker and the mutation. The next figure will indicate how to direct 
the recombination to occur at the L and R sites.
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Selection for spectinomycin resistance 
3 – Linker scan analysis of psbB cis-acting elements 
involved in transcript accumulation and CP47 translation.
II – The strategy
Figure 20 - B: Scheme of psbB-psbT-psbH gene cluster and description 
of the three steps of selection used in the mutagenesis strategy. Because of the substitution in 
the 3 strain, recombination cannot occur between the aadA marker and the linker scan 
mutation (shown by a flag).
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reach homoplasmicity for the selectable marker, but loose the mutation which is 
not under selective pressure. This can be due to recombination events between 
transformed copies of the chloroplast genome and the non transformed ones when 
the two types of genomes harbor homologous sequences between the mutation and 
the selection marker. A strategy to avoid this problem of recombination between 
the sequence of interest and the selectable marker is to generate a host strain where 
recombination can occur only outside both the marker and the mutation in the 
transforming plasmid (figure 20-B). The homologous sequence located between 
both sequences of interests on the plasmid, i.e. from the ATG of psbB up to 510 
bases upstream, covering the leader up to the site of aadA insertion, is substituted 
in the host strain with an unrelated DNA sequence of 483 bp from E. coli. Hence, 
two C. reinhardtii host strains were first generated carrying the substitution 3, 
with either the wild-type or the mbb1-222E nuclear mutation. 
This strategy required three steps of homologous recombination 
(figure 20-B). The initial step represents the transformation of the WT or mbb1, 
with a vector harboring in tandem two 483 bps of exogenous DNA flanking the 
aadA marker to replace the original 510 bp chloroplast sequence directly upstream 
of psbB (Fischer et al., 1996). This construct is carried on a p38 vector, the same 
that was at the origin of the engineered vectors containing the i deletions (Vaistij 
et al., 2000b). These exogenous sequences will replace the wild-type sequence 
between the marker and the region which will be mutated. Spectinomycin selection 
at a concentration of 150 mg / L allows homoplasmy to be obtained and the 
original fragment of 510 bp is thus eliminated (strain 3R). All the steps are on 
acetate. The second step occurs without antibiotic, on acetate medium because 
deletion of the leader of psbB makes the strain heterotrophic. The advantage of the 
483 bp sequence in tandem is that an intramolecular homologous recombination 
will take place and aadA will be eliminated. The strain (3) will now harbor only 
one fragment of 483 bp in place of the original 483-aadA-483 transforming 
fragment. This strain will only allow recombination between sequences upstream 
of base -510 from the psbB start codon and sequences downstream of the psbB  
3 – Linker scan analysis of psbB cis-acting elements 
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Figure 20 - C: (Top) Restriction analysis with ApaI, NdeI and NcoI of the mutagenic vectors 
by digestion prior to their sequencing to control the sequence of the mutated psbB 5’UTR. 
(Bottom) Southern Blot of Chlamydomonas DNA extracts probed for psbB coding sequence 
to ensure that after the mutagenic transformation and after several rounds of selection the 
resulting strains became homoplastic. The following triple digestion was performed; PstI, 
PvuII, ApaI digestions except for the WT, mbb1, 3 and p38ANco were PstI, PvuII, NcoI 
were used.
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AUG, i.e. present on both the recipient chloroplast genome and the mutagenic 
vectors. In other words, the mutagenic plasmid used in the third step for 
transformation of this host strain harboring the mutation between -510 and the start 
codon, is only present on the transforming plasmid and cannot recombine with the 
483 bp fragment of the host genome. The eight linker-scan mutagenic vectors 
harbor the aadA gene at position -519 from the start codon and are mutated in 
psbB leader at specific sequences. These vectors were used to transform the host 
strain (3). The lack of homologous sequence between the start codon and the 
resistance marker, allowed us to achieve homoplasmicity for both aadA and the 
mutations in the engineered host strain much faster and with a greater efficiency 
compared to the same transformation in a wild-type strain. The plasmids were 
controlled by restriction analysis prior to their sequencing in the region covering 
the mutated psbB 5’UTRs. 
At each step of the successive transformations and selection 
processes, the various mutant strains were checked by Southern blotting to analyze 
their DNA content (figure 20 C), thus controlling proper integration of the vectors 
(Vaistij et al., 2000b).  
 
 
 
 
 
 
 
 
 
 
 
 
 
3 – Linker scan analysis of psbB cis-acting elements 
involved in transcript accumulation and CP47 translation. 
III – The results
Figure 21: Cultures of the psbB linker-scan mutations in either the WT or the mbb1 nuclear 
backgrounds were spotted on agar plates containing acetate (TAP) or  minimal medium (HSM).
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1  Growth tests of the mutants 
 
The strains were tested for phototrophic growth in the light on 
minimal medium (HSM), or on medium containing acetate as a source of reduced 
carbon (TAP) (figure 21). In the wild-type MBB1 background, all mutations in the 
leader strongly affect phototrophic growth on minimal medium and none of the 
strains with the mbb1 mutant background grew on minimal medium, indicating 
that none of the mutations had a suppressor effect. On the medium containing 
acetate (TAP), all the strains grew normally. 
 
2  Protein accumulation in the mutants 
 
We determined the effect of the mutations on the accumulation of the 
psbB gene product by immunoblotting with an antibody against CP47 (Figure 22). 
The amount of each sample was normalized with respect to chlorophyll, and equal 
loading was confirmed by reprobing the membrane with an antibody against the 
small subunit of Rubisco. Strains affected in the sequence of the short leader and 
which did not grow on minimal medium showed a corresponding absence of 
CP47. In the strains that are affected at the -35 processing site (m32-37) and those 
upstream (m37-42 or m43-48), a low level of CP47 was detected corresponding to 
less than 2.5 % of the wild-type content. PsbH was undetectable by immuno-
blotting in any of the mutants. For mutants missing CP47, this is not surprising 
because the lack of one subunit in the core of photosystem II leads to rapid 
degradation of the other subunits (de Vitry, 1989; Erickson, 1986; Jensen, 1986; 
Minai, 2006; Wollman, 1980). In the strains with low amounts of CP47, 
comparable levels of PsbH would have been below the level of detection (ca. 
10%). Finally, PsbT antibody was used against membranes presenting total cell 
protein extracts from the same strains, but the level of protein accumulation  
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Figure 22: Immunoblot analysis of the accumulation of the CP47 and PSBH proteins: 25 g
of total cell extract was loaded in each lane. Proteins were resolved on 10 or 15 % SDS-
PAGE. PsbH antibodies kindly provided by C. de Vitry, IBPC, Paris.
3 – Linker scan analysis of psbB cis-acting elements 
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Figure 22 bis: Immunoblot analysis of PsbT accumulation in the mutants. Tricine-SDS-
PAGE was used to resolve proteins of low molecular mass (H. Schagger and G. von Jagow, 
1987).
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remained below the detection limit (figure 22 bis) (PsbH antibodies kindly 
provided by Catherine de Vitry, IBPC, Paris). 
 
3  mRNA accumulation in the mutants 
 
The effects of the mutations on CP47 accumulation could be due to a 
defect in RNA processing, to a decrease in mRNA accumulation, to a reduction in 
the rate of protein synthesis, or to an increase in protein degradation. To 
investigate these possibilities further, RNA blots were hybridized with probes 
specific for psbB or psbH (figure 23). In the mutant mbb1 background, none of the 
strains accumulated these transcripts (data not shown). In the wild-type MBB1 
background, the most dramatic reduction of the psbB mRNA and of the di-
cistronic psbB-psbT mRNA was with the mutation m26-31, for which the mRNAs 
were not detectable. For the flanking mutations m21-26 and m32-37 the levels 
were approximately 20 % of the wild-type as determined by Phosphorimager 
quantification (figure 24 A-C). These data present the averages of two 
independent experiments including the standard deviations. In the other mutants, 
the amounts of these mRNAs were in the wild-type range, although little or no 
protein accumulation was detected with CP47 antibody. These mutations thus 
appear to exert their effect at a translational or post-translational step. 
In the MBB1 wild-type background, the psbH transcripts are 
detectable at normal levels in all the mutants, and their accumulation is even 
enhanced up to four-fold especially in the mutants where psbB mRNA is less 
abundant, i.e. m21-26 and m26-31 (figure 23 and figure 24-D). This suggests that 
psbB and psbH may compete for a common factor. This hypothesis was also 
proposed previously, based on the results of psbB 5’UTR chimeric constructs. 
Their analysis suggested a possible role of MBB1 for the stability of psbH RNA 
(Vaistij et al., 2000b) (figure 18). In tobacco chloroplasts, Kuroda and Maliga 
showed that ectopic overexpression of the clpP 5’UTR can cause a mutant 
phenotype, also suggesting a competition for a common factor (Kuroda, 2002). 
3 – Linker scan analysis of psbB cis-acting elements 
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Figure 23: RNA blot hybridization of the transformants. The specific probes were designed to 
detect the psbB and psbB/T or the psbH transcripts. The psaA exon 3 probe was used as a 
loading control (see Materials and methods). 
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3 – Linker scan analysis of psbB cis-acting elements 
involved in transcript accumulation and CP47 translation.
III – The results
Figure 24: Quantification by Phosphor Imaging of the RNA blot hybridizations (panels 
A,B,C and D) and of the primer extension experiments for the -35 end of the 5’ UTR (panel 
E). (A) psbB/T dicistronic RNA; (B) psbB monocistronic; (C) psbB/T+psbB; (D) psbH. 
Signals are standardized relative to psaA (Northern blots) or to the -47 end of the psbD 
5’UTR for the primer extension. The datas present the averages of two quantifications with 
their standard deviations.
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Based on the hypothesis of a common trans-acting factor playing a 
direct role on both transcripts, we postulated that a common cis-acting sequence on 
both psbB and psbH RNAs should exist. This motif should bear some sequence 
characteristics with the region mutated in the psbB 5’ UTR. Among the mutant 
sequences which decreased psbB RNA accumulation, between -21 and -37, a 
central region of psbB mRNA (-26 to -31) totally abolished detection by RNA blot 
analysis. Additionally, those that give rise to the highest psbH accumulation are 
comprised between positions -21 and -26. When comparing the entire psbH 
sequence with this sequence of the psbB 5’UTR, we noted that both transcripts 
harbor a perfectly identical 7 bases sequence, AAGUAAA, positioned between 
bases -22 and -28 of psbB and between positions –40 and -46 of the psbH 
transcript. Together, this new finding and the previous report by Vaistij support the 
idea of a common mechanism of stabilization of psbB and psbH through their 5’ 
leaders involving MBB1 (see chapter 5). 
 
4  Mapping of the 5’end of the psbB transcripts  
 
Although some of the mutants displayed a normal pattern of psbB 
RNA as detemined by RNA blotting, there was a possibility that in some cases the 
5’end of the transcripts could be altered, and that this could have adverse effects 
on translation. To address this question, we determined by primer extension the 
end of the 5’ UTR of the psbB transcripts (figure 25). We used one 
oligonucleotide specific for the psbB 5’UTR and another one for the 5’ UTR of an 
independent transcript, psbD, as an internal control. Extension of the second 
oligonucleotide allowed us to standardize the efficiency of elongation by 
quantitating the bands with a Phosphorimager. Because of the background due to 
the psbD-specific oligonucleotide, we had to limit the exposure time and could 
thus only detect the major transcripts ending at -35, and not the longer form ending 
at -147, which is less abundant by two orders of magnitude. We found that the 
levels of accumulation of the transcripts ending at -35 correlate well with the  
3 – Linker scan analysis of psbB cis-acting elements 
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Figure 25: Mapping of the 5’ ends of the psbB transcripts. Primer extension on total cell 
RNA extracts (10 g was used for each lane). The oligonucleotide primer is complementary 
to the region just downstream of the AUG start codon of the psbB gene (AS 2205) and was 5’
labeled with - P-ATP. A labeled oligo specific for psbD was used together with AS2205 in 
the same reaction to standardize the loadings. The -47 ( bottom) and the -74 (top) bands can 
be detected on this gel.  AS2205 oligo was used in parallel to sequence the plasmid 
p38ANco, the reaction products were run in parallel.
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levels detected by RNA blot analysis for the psbB and psbB/T RNAs. The length 
of the 5’UTR was not affected by any of the mutations for which RNA is present, 
even for the mutation m32-37 which alters the sequence at the position of the 
major 5’ end (-35). Thus processing does not appear to require a specific sequence 
at the end of the mature product. Our results show that for the mutations m37-42 
and m43-48, normal levels of mRNA with the appropriate 5’end at -35 are also 
present. Thus in these two mutant strains the transcripts ending at -35 are unaltered 
in length or sequence, but strikingly they accumulate only very low levels of CP47 
protein. This could be due to an effect of the mutated precursor sequence on 
protein synthesis or on protein assembly and stabilization. Quantification of the 
psbB -35 end product observed by primer extension in the various mutants (figure 
24-E) parallels the RNA levels measured by Northern blotting using a psbB probe. 
 
5  Rates of protein synthesis in the mutants 
 
To evaluate the rate of protein synthesis in the mutants, we pulse-
labeled the chloroplast proteins with 14C-acetate for 5 minutes (figure 26). This 
very short time was used to minimize the effect of protein degradation on the 
apparent rate of synthesis. All the mutations strongly affected CP47 synthesis: no 
labeling was detected for all the mutations, from position -3 to -48. Thus the low 
rates of synthesis of CP47 in the mutants parallel the absence or the low levels of 
CP47 protein accumulation as measured by immunoblotting (figure 22). These 
results indicate that the mutations affect translation of the psbB mRNA rather than 
a subsequent post-translational step that would have led to protein degradation.  
Additionally, a weak band with the appropriate size (approx. 9 kDa) 
can be assigned to PsbH. This band is absent in the mbb1 and in the 3 mutants 
(third and fourth lanes from the right) where the psbH RNA is missing. 
Unfortunately, because of its small size, PsbH does not incorporate as many 
radioactive amino acids as a larger protein such as CP47, and the changes of its 
rate of synthesis are difficult to evaluate. Nevertheless, the levels that we can  
3 – Linker scan analysis of psbB cis-acting elements 
involved in transcript accumulation and CP47 translation.
III – The results
Figure 26: Radioactive   C incorporation in newly-synthesized chloroplast proteins of the 
linker-scan mutants in a 5 minutes pulse-labeling in the presence of cycloheximide, thus 
minimizing the effect of protein degradation. This experiment was performed in 
collaboration with Limor Minai at the IBPC, Paris.
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observe suggest that in some of the linker scan mutants, an increased rate of PsbH 
synthesis correlates with higher psbH mRNA levels. For example, it seems that 
m21-26, which accumulates 7 fold more psbH RNA than m3-8, also exhibits a 
stronger rate of synthesis of PsbH (figure 24 and 26). However, we consider the 
interpretation of this result as tentative, since the signals are faint. The fact that 
PsbH synthesis does not correlate with its accumulation as revealed by western 
blots (figure 22 and figure 26), suggests that degradation must occur. This can be 
explained because CP47 is not synthesized in any of the linker scan mutants. Since 
they cannot assemble with their partners, newly synthesized PsbH proteins would 
be immediately eliminated. This mechanism was already observed for other PSII 
subunits when the core subunits were missing (Adam, 2000; Baena-Gonzalez and 
Aro, 2002; Choquet and Vallon, 2000; Erickson et al., 1998). Finally, the 
alternative hypothesis that could have explained PsbH absence in these mutants by 
a down regulation of PsbH synthesis seems less likely. 
We would like to add a final remark concerning the variation of D1 
protein synthesis between the lanes in the pulse experiment. Indeed a strong band 
corresponding to D1 appears in the WT strain compared to the PSII mutants 
analyzed here that is also absent in nac2-26. First, it is well documented that when 
D2 is missing like in the nac2-26 strain, D1 is not synthesized (de Vitry, 1989; 
Erickson, 1986; Fleischmann, 1999). Second, in all the other strains, D2 is 
synthesized at wild-type levels, as can be seen when the D2 signals are compared 
to those of the ATPase  subunit as a standard. Third, all these pulse-labeling 
experiments were accomplished using a light intensity of 1000 lux. In the WT 
which assembles functional PSII particles, repair of photodamaged D1 can take 
place and D1 synthesis is enhanced. At this light intensity, D1 synthesis is at its 
basal level. In the mutants, PSII is not fully assembled. Under these conditions no 
PSII repair can occur. As a consequence, no enhancement of D1 synthesis is 
triggered. Hence, what could seem like an apparent decrease of D1 synthesis in the 
linker scan mutants is rather a lack of increased synthesis.  
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IV Discussion 
 
In this linker-scan study, we addressed the role of short successive 
stretches of the psbB 5’UTR sequence. These sequence substitutions were 
generated between the start codon and the processing site at position -35, or on the 
long leader, i.e. upstream of the processing site up to position -48 from the start 
codon. Between these positions, one of the mutants is affected in the sequence of 
the processing site itself. All these mutations that affect the 5’end of the “mature” 
transcripts, the putative processing site at –35 and even sequences upstream 
present only on the low abundant form of the precursor’s UTR have strong effects 
on psbB-psbT and psbB mRNA accumulation, or psbH mRNA accumulation, or on 
CP47, PsbT and PsbH protein accumulation. Three types of effects can be 
classified: 
- First, some mutations on the short leader do not affect the level of 
transcript accumulation of the psbB-psbT-psbH gene cluster transcripts. The psbB-
psbT and psbB RNAs accumulate at WT levels and they are correctly matured at 
position -35 in the presence of MBB1. But in spite of this apparently normal 
processing, the resulting mRNAs are not active in translation since no synthesis of 
CP47 protein can be detected by pulse labeling. These mutations cover the regions 
between position -3 and -26 and between -31 to -37 from the start codon. 
- In the second class, accumulation of the mature form (-35 end) of 
psbB-psbH and psbB mRNAs is detectable neither by Northern blotting nor by 
primer extension. Therefore, as expected, no protein synthesis is detected. This is 
the case for the mutation affecting the sequence between position -26 and -31, just 
downstream from the site of processing. Mutations that affect two flanking regions 
of the -26 to -31 sequence, m21-26 and m32-37, lead to a decrease in psbB-psbT 
and psbB RNA accumulation. Overall, the patterns of accumulation of psbB-psbT 
and psbB versus psbH RNA are opposite. Mutations resulting in a decrease of 
psbB-psbT and psbB RNA lead to a higher level of psbH RNA accumulation. The 
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fact that psbH transcripts over-accumulate when psbB levels are undetectable is 
compatible with the hypothesis that MBB1, or another common factor, is 
necessary to stabilize both transcripts at their respective 5’UTRs as already 
suggested by Vaistij et al. (2000). An implication of these results is that the levels 
of accumulation of the psbH transcripts, encoded ca. 5 kb downstream of psbB, are 
dependent on sequences in the psbB 5’UTR. 
- In the third class, mutations upstream of the putative processing 
site, which are not retained in the “mature” mRNAs, also appear to interfere with 
psbB RNA translation. Transcripts accumulate to WT levels but no protein 
synthesis is detected. Furthermore, the leader sequence of the abundant form of the 
transcripts is wild-type and normally matured at position -35. Thus translation may 
be coupled to processing of the psbB 5’UTR, and putative interactions with the 
16S ribosomal RNA may occur on the leader of psbB mRNA. Indeed, seven bases 
present in the 3’ end of the 16s RNA sequence are perfectly complementary to 
seven nucleotides of the long 5’UTR of psbB. Further studies will have to 
determine with more accuracy the events occurring on the long leader and the 
interplay between MBB1, the transcript and the ribosome. 
In addition, the sequence replacement at the site of processing in the 
mutant m32-37 does not impair maturation at the correct -35 position. This result 
indicates that the mechanism of maturation of the psbB 5’ UTR must rely on other 
sequences. 
The mutant m26-31 which fails to accumulate psbB-psbT and psbB 
provides a tool to investigate the relationship between the transcripts and MBB1 in 
high molecular weight complexes, as presented in section 4 of this study. The next 
one will provide more insights into the sequential steps of maturation of the psbB-
psbT and psbH transcripts. 
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4  Mutagenesis of the psbH 5’ 
untranslated region 
 
  
105 
 
I  Putative consensus sequences 
 
 
1  A stability box in psbB 5’UTR is also present in psbH leader 
 
In the analysis of the psbB 5’UTR the linker scan mutantion m26-31 
affected a sequence required for stability of the psbB-psbT transcripts. In addition, 
mutations of the sequences between positions -21-26 and -32-37 also affect the 
level of psbB mRNA. This suggests that a stability determinant is located within 
this domain. An intriguing observation is that in the same linker-scan mutants, 
psbH transcript levels exceed those in the WT suggesting a mechanism of 
competition for a common factor acting on both transcripts. The inverse trend in 
the accumulation of psbH and psbB RNA suggests a competition for a RNA 
binding factor, a model already proposed in tobacco for clpP mRNA which is 
affected when its 5’UTR is over-expressed at an ectopic site (Kuroda, 2002). In 
Chlamydomonas, if this competing factor acts directly on the RNA, both 
transcripts should harbor a common element. We therefore compared the entire 
psbH sequence with the sequence required for stability in the psbB 5’UTR. We 
then noticed that both transcripts harbor a common sequence of 7 bases, 
AAGUAAA, positioned between bases -23 and -29 upstream of the start codon for 
psbB and between positions –40 and -46 for the psbH transcript (figure 27 – panel 
C). It is striking that this sequence is also present in the 5’UTR of psbH. This 
finding suggests a common mechanism acting through the 5’ UTRs of these two 
transcripts to control their coordinate accumulation.  
In the following the structural features of psbH are compared with 
those of psbB RNA. Similar to psbB, the psbH transcript exists in two forms, a 
short and abundant form which ends at position -54 and a longer form ending at 
position -78 relative to the start codon (figure 27 - panels A and B). As a 
reminder, maturation of the psbB transcript is similar, with a short and abundant  
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Fig 27: (A) Schemes of the psbB-psbT-psbH gene cluster and of the psbH 5’UTR. (B) Representation of 
both 5’UTR forms of the psbH transcripts. (C) Sequence analysis of psbB and psbH 5’ UTRs: The same 7 
bases (AAGUAAA) are present in both psbB and psbH short 5’UTRs and could represent a conserved 
stability box. The positions of the two relevant psbB linker-scan mutants are underlined. Two additional 
sequences, ACCUUGA in psbB and UCCUUAU in psbH are completely or partially complementary to a 
sequence at the 3’end of the 16S ribosomal RNA (ACAAGGU)  (D) Summary of the characterized 
sequences on psbB and the putative elements that were targeted for mutagenesis in psbH.
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transcript ending at base -35 and a low abundant longer precursor which ends at 
position -147. The changes in size of psbH transcripts that are detected by 
Northern blotting are attributed to different 3’ UTRs (Johnson and Schmidt, 1993) 
consisting of 200, 300 or 600 bases. The sizes of the 3’ untranslated region of psbB 
and psbT are ca. 150 and 200 bases, respectively. 
In both psbB and psbH, the AAGUAAA sequence is located on the 
short form of the 5’UTR, just downstream of the maturation site which marks the 
ends of both mature transcripts. The precise location is 6 bases downstream from 
the psbB processing site and 8 bases from the psbH processing site. 
Thus this sequence could function in a similar manner, recruiting a 
common factor just downstream of the processing site and thus providing the same 
platform for a processing mechanism, or a comparable maturation process, to 
stabilize both transcripts via their 5’leaders. 
In order to evaluate the significance of the probability to find this 
sequence motif in the psbH 5’UTR, we made the following calculation. 
If we make the hypothesis that the cis-acting element should be 
located only on the 5’UTR because the trans-acting factor should work similarly 
on both 5’ leaders, a smaller region of 53 bases for the psbH 5’UTR can be 
considered for calculating the probability of finding a similar motif. 
The psbH 5’UTR is 53 bases long and contains A at a frequency of 
25/53, U at 22/53, C at 7/53 and G at a frequency of 5/53. The probability of 
finding the sequence AAGUAAA is:  
(25/53)5 x (22/53)1 x (7/53)0 x (5/53)1 x 53 = 0.012 
This indicates that the presence of identical motifs on two short 
5’UTRs, psbB and psbH (which could compete for a common factor) is not 
random. 
We therefore decided to mutagenise this specific region in the psbH 
5’UTR. This could first reveal if this sequence is important for psbH maturation 
and stability. Second, if a reciprocal effect was observed for psbB RNA stability, 
i.e. an over-accumulation of psbB when psbH RNA fails to accumulate as a result 
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of an alteration of this specific sequence, this would clearly argue for a common 
mechanism of RNA stabilization for both psbB and psbH transcripts. We chose 
three types of substitution (figure 30 – panel B). First, like for psbB, an ApaI 
sequence substitution (GGGCCC) was introduced in place of the 7 bases of the 
stability sequence. Second, this motif was substituted with its complementary 
sequence. This does not change the base AT or GC content of the leader. Third, a 
deletion of the motif was also prepared. 
 
2  A sequence required for psbB translation initiation and present on its long 
leader is partially conserved in the psbH long leader  
 
Another common sequence between these two transcripts has been 
revealed which has the potential to basepair with 16S ribosomal RNA. On its 
interface with the large subunit, the 30S small subunit exposes a stretch of 7 bases 
(5’ACAAGGU3’) between positions 1500 and 1506 of the 16S ribosomal RNA, 
located in the universally conserved decoding box (Dron, 1982; Yusupov, 2001) 
(figure 27 C, 28 and 29 A). We noted that this sequence of seven bases is 
perfectly complementary to psbB bases between position -37 and -43 
(5’ACCUUGU3’) and to 5 out of 7 bases of psbH between positions -52 and -58 
(5’UCCUUAU3’) (see figure 27 C and D).  
Interestingly, these two elements are only present in the long psbB 
and psbH 5’UTRs, but not in the mature RNAs (Johnson and Schmidt, 1993). The 
linker scan mutant m37-42 showed that this sequence is required for efficient 
translation of psbB but not for mRNA maturation. The complementary ribosomal 
sequence is part of the tight P-site involved in translation initiation (Brodersen, 
2000; Yusupova, 2001). This stretch is folded into a non-canonical helix, at the 
upper part of the H44 domain, where only 2 out of the 7 bases are base-paired with 
surrounding bases of the 16S rRNA, C1501-G1401 and G1504-C1399 (O'Connor, 
1997). It is part of the major groove of H44 which forms the path for the mRNA 
and where it is believed that several Mg2+ ions help stabilizing the position of the  
AGGGTGAAGTCGTAACAAGGTAGGGCTACTGGAAGG C.reinhardtii 16s RNA
GGGGCGAAGTCGTAACAAGGTAGCTGTACCGGAAGG T.thermophilis 16s RNA
*******
**
*
*
*
*
*
5 – Mutagenesis of psbH 5’ untranslated region.
I – Putative consensus sequences
Fig 28: (A) Structure of the 1542 bases long Thermus thermophilis 16S ribosomal RNA 
(Yusupov , 2001). On the right, a close up of its 3’end reveals the secondary structure of the 7 
bases between positions 1500 and 1506 (stars) that is complementary with a sequence element 
on both psbB and psbH 5’UTRs. (B) Comparison of the same ribosomal sequence with 
Chlamydomonas indicating a high degree of conservation (Dron M., 1987). The sequence 
possibly interacting with psbB and psbH 5’UTRs is perfectly conserved and highlighted with a 
light blue box.
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5 – Mutagenesis of psbH 5’ untranslated region.
I – Putative consensus sequences
Fig 29: (A) 3 dimensional structure of Thermus thermophilis 16S ribosomal RNA. The side this 
is represented here is at the interface between both ribosomal subunits. The positions of the A, P 
and E sites are represented by 3 circles. The yellow part indicates the penultimate stem-loop that 
can interact with some messenger RNAs and which harbors at its 3’end, just before the anti 
Shine-Dalgarno, 7 bases sequence (stars) complementary to psbB and psbH 5’UTRs. (B) Details 
of the ribosome channel where the mRNAs shuttle. Details of the interactions between the 23S 
rRNA (light blue on the top left), the mRNA (yellow), the 16S rRNA on the bottom right and 
part of a tRNA located in the P-site and represented in red. (C) Artistic representation of a 
ribosome loaded on a mRNA with its nascent polypeptide (top) (adapted from Yusupov , 2001). 
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P-site codon. This precise region is also part of the so-called decoding center of the 
ribosome. This region of the ribosome undergoes structural rearrangements upon 
50S assembly (Carter, 2000).. RNA-RNA interactions between bases surrounding 
this specific region of 16S rRNA are required for the interaction of the 50S with 
the preassembled 30S on the mRNA with its initiation factors (Yusupov, 2001). 
More precisely, 16S bases 1494-1495 (with 23S bases 1913-1914, 1918) on one 
side and 16S bases 1516-1519 (with 23S bases 1919-1920, 1932) on the other side. 
A790 and G791 are also involved in this stabilization. Arrival of P-tRNA leads the 
A790 loop to move closer to the penultimate stem, and helps in establishing 
accurate pairing between the codon and the anticodon stem-loop. This movement 
is also consistent with the counter clock rotation of the platform of the 30S subunit 
when it joins with the 50S subunit (Yusupov, 2001).  
Two additional features of the processing of the psbB and psbH 
5’UTRs are noticeable 
 - First the primary sequences of the short form leads to a weaker 
secondary RNA structure which is more susceptible to be accessed by the 
ribosome or recognized by initiation factors. 
- Second, the removal of the 5’ leader up to the processing site 
removes any complementarity to the 16S decoding site.  
 
The question is whether a transient interaction could play a role in 
the onset of translation. The substitutions on the long psbB leaders of the m37-42 
and m42-48 mutants would prevent them from interacting with the 16S 1500-1506 
region. Protein synthesis is highly reduced in these mutants leading to less than 2.5 
per cent PSII accumulation compared to the wild type. Strikingly both mutants 
possess the short and abundant mature form mRNA with the unaltered wild-type 
sequence. Processing would take place after binding of the small ribosomal subunit 
to the precursor psbB RNA.  
This suggests a model for translation initiation of psbB and possibly 
psbH mRNA in which loading of the 30S ribosomal subunit is mediated by an 
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interaction which involves a sequence of the precursor that is removed after 
processing.  The processing would take place on the 30S inner side, a requirement 
for the following 50S assembly. Interactions of psbB and psbH transcripts with 
16S rRNA have to be transient because entry of the 50S subunit relies on 16S-23S 
RNA interactions in the vicinity of the flexible 1500-1506 region to form a stable 
particle. Thus removal of the long 5’UTRs after interaction with the 30S subunit 
would be necessary to allow the repositioning of the processed mature mRNA and 
docking of the 50S subunit in a stable and translation competent manner. 
Production of this mature mRNA would also result in the conformational 
activation of the 30S P site, allowed by G926 stabilization.  
Additionally the S12 protein is present on the inner side of the 30S 
subunit around the P-site, and this protein was found in the elution fraction after 
affinity chromatography using an HA tagged MBB1 strain (see figure 59 and 60). 
This could reflect that MBB1 associates to a sequence of the short leader (-21 to -
26) directly or indirectly, before the processing, as suggested by the loss of MBB1 
association in the high molecular weight fractions when psbB RNA is absent. The 
outer limits of the mRNA coding sequence covered by the ribosome is around 
positions -22 to -19 from the start codon (Huttenhofer, 1994). Subsequent 
ribosome entry would be directly targeted downstream of the stabilizing factor.  
Furthermore, the question arises how the 5’end is formed. First, the 
5’ to 3’ exonuclease involved in the trimming of the transcript 5’end (Vaistij et al., 
2000b) could be stopped by a factor binding downstream of the processing site or 
by the ribosome itself. Alternatively, following the suggestion of Carter (Carter, 
2000) that the 16S rRNA could be cleaved at 4 bases from the 3’ end, the ribosome 
itself could have this nuclease activity. Third, Sugiura et al identified a precursor 
of 16S rRNA in plastid ribosomes (Vera, 1993). It has a 30 base 3’-end extension 
whose position coincides with a putative RNase III cleavage site, suggesting that 
the ultimate 5’ maturation of the 16S rRNA maturation takes place within the 
ribosome. 
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We cannot exclude that these mRNA sequence motifs could provide 
a binding site for another factor to explain the highly impaired translation that is 
observed when these sequences are mutated. 
In conclusion, we decided to mutagenise the putative partial 16s 
RNA complementary sequence of the psbH 5’UTR., with two types of sequence 
substitutions and a deletion similar to the mutations if the putative psbH stability 
box mutagenesis (figure 30-B). 
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Fig 30: (A) Sequences and schematic representation of the putative regions of interest on the 
psbH 5’UTR. (B) Sequence of the long psbH 5’UTR ending at position -78 from the start codon 
indicating the positions of the two sequences to mutagenise. Color codes of the font in the 
sequences match the scheme on the top of figure (A). Following the same color standard, the 
two flags indicate the positions of the targeted mutations in the p41AXxxX vectors. The XxxX
has to be substituted by either ApaT, CompT and DelT for the mutants of the putative translation 
box, and with ApaS, CompS and DelS in the constructs affecting the putative stability box. 
These vectors were used to transform a Chlamydomonas host strain described in the next two 
figures. The resulting strains were named T41AXxxX.
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II  A strategy for efficient mutagenesis of the psbH 5’UTR 
 
In initial experiments, we encountered problems to reach 
homoplasmicity of the desired mutation when a WT host was used for 
transformation. As for the psbB 5’UTR linker scan mutagenesis, we chose to 
generate a recipient strain where both the selectable marker and the mutation 
would have to be integrated at the same time, thus avoiding any risk of eventual 
recombination between them. The first step is to produce a strain harboring a 
deletion of the target region of mutagenesis. The second step is to remove the 
selectable marker by homologous recombination between two repeats flanking the 
marker and the third step is to transform this strain with the mutant sequence and 
the selectable marker (figures 31 A, B, C). There is thus no risk of internal 
recombination represented by the M cross in (figure 31 C). Although this method 
is rather time consuming, it provides two further advantages: 
First, after each selection step, one can check for homoplasmicity 
and proper homologous recombination, either by PCR, or by Southern blotting. 
One therefore ensures that each event occurs as expected. 
Second, through this succession of three distinct homoplasmic states 
of the chloroplast DNA, we avoid the risk of a contamination with a remaining 
WT genome copy which could be favored depending on the growth conditions 
used in the study. 
 
 
 
 
 
 
 
 
Figure 31 - A: (A) The psbB-psbT-psbH gene cluster with the psbH 5’ UTR.  (B) Scheme of 
the mutagenized psbH 5’ UTR and of the selection marker after their integration in the 
Chlamydomonas chloroplast genome. (C) Drawing of a direct chloroplast transformation 
with the linker-scan mutagenic vectors. The green cross (M) at the center indicates the 
position where an undesired recombination event could occur  and the two red ones (L) and 
(R) locate proper integration sites. (D) Map of the construct that could be obtained under 
spectinomycin selection but without integration of the engineered mutation in psbH 5’ UTR, 
because an unwanted homologous recombination took place at the undesired site (M), 
between the resistance marker and the mutation. The next figure will indicate how 
recombination was directed to occur at the L and R sites.
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III  Results 
 
1  Transformation 
 
After a first transformation of the same Chlamydomonas reinhardtii 
WT strain used for the linker scan study with plasmid p41K7R, a primary round of 
selection on TAP + spectinomycin 200 mg/L led to select a homoplasmic strain 
named HR. A second step of growth on TAP allowed the loss of spectinomycin 
resistance to obtain the host H strain. This strain was tested by PCR for 
homoplasmicity (Figure 32 A) and was then used for targeted psbH 5’UTR 
mutagenesis as described in figures 30 and 31-B. The mutated psbH 5’UTR 
ApaS, ComS, DelS, ApaT, ComT and DelT sequences were reintroduced in 
parallel to a WT sequence (WTWT strain) to ensure that the successive steps of 
construction had no side effect. The integration of each mutation was tested by 
PCR using the properties of an oligonucleotide specifically annealing by their 3’ 
end to the mutation (Figure 32 B). In absence of the mutation, as in the presence 
of WT DNA template (figure 32 B, bottom right panel), these oligonucleotides 
do not amplify anything. 
 
 
 
 
 
 
 
 
 
 
 
Figure 31 - B: Scheme of psbB-psbT-psbH gene cluster 
and description of the three steps of selection used in the mutagenesis strategy.
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Figure  32 A: (A) Physical maps of the psbH gene region in the WT, the transforming plasmids 
(p41K7R and p41AXxxX) and the corresponding transformed strains (HR, H and T41AXxxX).The 
long arrows under psbH are drawn to indicate the positions of the two 5’extremities and their relative 
abundance. The two flags represent the mutations (Apa, Comp, Del) of the putative stability (S) box 
(red) and of the putative translation (T) box (blue). The small arrows indicate the positions of the 
oligonucleotides used to characterize the various transformants (psbH 5’-1, psbH 5’-2, psbH 3’ and 
aadA 5’). (B) PCR analysis of various DNA preparations, Lane 1, WT; lane 2, p41; lane 3, HR:WT; 
lane 4, H:WT; lane 5, H:WT; lane 6, H:mbb1; lane 7, p41K7R; lane 8, no template. The strains 
corresponding to lanes 3, 4, 5 and 6 were subjected to the same selection process, but the strain 
corresponding to lane 3 did not reach homoplasmicity. Strains corresponding to lanes 4, 5 and 6 are 
homoplasmic and were used for transformation with the p41AXxxX plasmids to introduce psbH
5’UTR directed mutations.
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Figure 32 B:  PCRs to control the proper integration and homoplasmicity of the mutated 5’psbH
strains after transformation of the H strain with the p41AXxxX plasmids. Panel A and B reveal 
that the length of the psbH gene region is restored in the various psbH 5’UTR directed mutants 
(ApaS, ComS, DelS, ApaT, ComT and DelT) and in the strain transformed with a non mutagenized
psbH 5’UTR (WTWT), as compared with the host strain (H) and with WT DNA template (WT 
lane). Panel C and D indicate that the mutations are introduced in the mutants. Panel C represents 
the products amplified between a common antisense and several specific oligonucleotides annealing 
through their 3’ with the sequence introduced in each strain serving as the templates. Panel D shows 
the specificity of these oligonucleotides since no product is amplified using WT or H DNA 
templates, unless the oligonucleotide correspond to WT psbH 5’UTR sequence.
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2  Growth tests 
 
When spotted on a medium containing acetate (TAP), all the strains 
can grow (figure 33), but on minimal medium (HSM), we can observe that the 
three mutants affected in the putative stability box, ApaS, ComS and DelS appear 
unable to grow, like the mbb1 mutant, the psbB linker scan mutant m26-31 and the 
H strain. In contrast the strains affected in the putative translation box exhibit a 
growth comparable to the WT. These results suggest that the putative stability 
sequence located on psbH 5’UTR between position -40 and -46 and also conserved 
on psbB 5’UTR is required for photosynthesis, whereas the three mutations of the 
second sequence between positions -52 and -58 of the psbH 5’UTR do not exert 
any effect on the phototrophic growth.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 – Mutagenesis of psbH 5’ untranslated region.
III – Results
Figure  33: Cultures of the psbH 5’UTR mutants and other strains as positive controls (the WT 
lane and the WTWT lane which correspond to a H strain restored with the WT psbH 5’UTR) 
and negative controls (the mbb1 mutant, the H strain and the m26-31 psbB linker scan mutant) 
were grown and spotted on agar plates containing minimum media (HSM) or acetate supplied 
medium (TAP).
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3  Translation and accumulation of PsbH protein 
 
To address the effects of the three mutations in the putative psbH 
stability box, protein extracts of total cells were prepared and analyzed. Western 
blot analysis for the PSII subunits PsbH, CP47, CP43 and D1 were performed and 
loading was compared with the small subunit of the Rubisco enzyme (figure 34). 
We observe that no PsbH protein is detected in H and ApaS, ComS and DelS, 
which is consistent with their inability to grow phototrophically. In these strains, 
D1, CP47 and CP43 protein levels are highly reduced or absent probably as a 
consequence of the PSII defect. As suggested by the spot test analysis, the 
mutations ApaT, ComT and DelT of the putative translation box do not affect the 
levels of accumulation of PsbH and of the other PSII subunits tested here. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5 – Mutagenesis of psbH 5’ untranslated region.
III – Results
Figure  34: Western blot analysis of total cell extracts from the six psbH 5’UTR mutants on the right, 
using antibodies against PsbH, CP47, CP43, D1 or against the small-subunit of Rubisco. The controls 
on the left show extracts from the WT, the mbb1 mutant, the H strain deleted for psbH, the linker scan 
mutant m26-31, and H strain transformed with a WT copy of the psbH gene.
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4  Stability and maturation of psbH transcripts 
 
To explain the lack of PsbH protein accumulation, we decided to 
examine whether or not the mutations have an effect on the psbH transcripts 
(figure 35-A, B). We can observe that the pattern of maturation and of 
accumulation of the psbH RNAs is different from that in the WT in the mutants 
where the PsbH protein fails to accumulate. These three strains, ApaS, ComS and 
DelS which are unable to grow on HSM fail to accumulate the two shorter forms 
(0.4 and 0.5 kb) of the psbH transcripts, a longer form (0.9 kb) seems to 
overaccumulate compared to the WT as does a new intermediate form of 
approximately 0.6 to 0.7 kb not detected in the other strains. The mutation of the 
putative stability box in the 5’UTR of psbH does not seem to abolish the 
accumulation of all the psbH transcripts but rather seems required for the correct 
maturation and the accumulation of the two shorter forms of the transcript. 
Apparently, the transcripts that are still able to accumulate cannot lead to 
detectable PsbH protein accumulation. This can be explained either because the 
protein is made but immediately degraded, or because the longer transcripts are not 
translatable which means that only the shorter forms would be competent for 
translation. In the three other psbH 5’UTR mutants, ApaT, ComT and DelT, the 
pattern of accumulation of the psbH transcripts seems identical to that of the WT 
or to that of the H strain restored with a WT copy of the psbH 5’UTR (WTWT 
lane in the figure 35).  
In the 5’UTR psbH mutants where the shorter forms of the psbH 
transcript are absent, it is noticeable that the level of accumulation of the psbB 
RNAs appears higher. The quantification by phosphorimager gives an increase of 
about 1.9 to 2.1 times for the psbB RNA compared to the WT or the other strains 
and the increase is of a factor 1.5 in the H strain. The converse effect was already 
observed for the psbH RNAs by a factor of 2.5 to 3.5 in the linker scan mutants 
were the psbB transcripts were diminished or absent (figure 23 and 24). Figure 23  
 
5 – Mutagenesis of psbH 5’ untranslated region.
III – Results
Figure  35: (A) RNA extracts were blotted on a nitrocellulose membrane and probed with radiolabeled
psbH, psbB and exon 3 of the psaA gene. (B) Phosphor imager quantification of the psbH and psbB
transcripts levels relative to the WT and normalized against the level of the psaA RNA and against the 
level of the WT. The datas represent the averages and the standard deviations from two distinct 
experiments. 
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also shows that when psbB-psbT mRNA is reduced or absent, the increase in psbH 
mRNA mostly concerns the short forms.  
 
6  Discussion 
 
The 7 bases referred to as the stability box are conserved in both the 
psbB and the psbH 5’UTR. Its mutagenesis in psbB 5’UTR leads to the 
disappearance of the psbB transcripts in parallel with an overaccumulation of the 
psbH RNAs. In the psbH 5’UTR the sequence is also required for gene expression 
and photosynthesis. In contrast to the hypothesis formulated in the chapter on the 
psbB linker scan, which suggested that mutagenesis in the leader of the psbH 
should completely abolish the accumulation of the psbH transcripts, its 
mutagenesis leads to the disappearance of the two shorter psbH RNAs. In these 
strains, the longer psbH transcript overaccumulates, a probable intermediate of 
maturation and the absence of the two shorter forms suggest that the 7 base 
sequence may be implicated in the maturation process and/or the stabilization of 
the psbH transcripts. Either the short forms are properly made but cannot 
accumulate, either they are not formed because the maturation process is blocked. 
In the three mutants that affect the psbH transcripts, we observe an increase of the 
level of accumulation of the psbB-psbT mRNA Together, the higher level of 
accumulation of the psbB transcripts, and the lack of detection of the short psbH 
RNAs suggests that their stabilization involves a common trans-acting factor, as 
already suggested by the converse observations made for the linker scan of psbB 
5’UTR.  
The parallels between the levels of accumulation of the psbB and the 
shorter psbH transcripts highly suggest the involvement of a trans-acting factor 
interacting with this conserved sequence. When it cannot bind to the 5’UTR of the 
psbB RNA, this factor becomes more prevalent to stabilize the psbH transcript and 
when unable to bind to its target sequence on the 5’UTR of psbH, the factor 
becomes more prevalent to stabilize the psbB and psbB-psbT transcripts. This 
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factor would be required for the stabilization of the two short psbH RNAs only, the 
longer transcripts being apparently stable per se, or at least in a manner 
independent of this factor. The imperfect maturation of the longer forms could be 
the result of the absence of this factor or of an event mediated by this factor at the 
5’ extremity of the psbH RNA. The precursors in the maturation process, i.e. the 
longer forms are then more abundant because not utilized downstream in this 
pathway. This extends their half-life, and finally the expected products, the shorter 
RNAs, do not form.  
The mutations of the 7 base sequence in the 5’UTR of psbH impair 
the accumulation of the shorter psbH RNAs and the PsbH protein. This result 
suggests that the longer psbH transcripts are not competent for translation.  
The consequences of the mutagenesis of this element in both the 
psbB and the psbH 5’UTRs appear to be different from a binary up or down 
accumulation of the psbB RNAs in response to the cumulated levels of all psbH 
RNAs. Indeed, not all the psbH transcripts require this cis-element, as it was the 
case for the psbB and the psbB-psbT transcripts. It seems that the longer forms of 
the psbH RNAs are able to accumulate independently of the sequence mutated in 
the ApaS, comS and DelS strains. However, the two shorter forms do require this 
sequence to fulfill their maturation and to accumulate. In its absence it seems that 
the processing is stopped at an intermediary step and the precursors 
overaccumulate. Apparently, this finding adds complexity to the previous 
hypothesis of a common factor required for the stability of both transcripts through 
their 5’UTRs, indeed not all the psbH transcripts are responding to this 
mechanism.  
In parallel, it is to note that the three types of mutations of the 7 
bases of the putative psbH stability box, the two substitutions; with the ApaI or 
with the complementary sequence (in the ApaS and ComS strains) or the deletion 
(in the DelS strain) all exert a comparable effect on the RNA maturation and 
accumulation pattern and on the protein accumulation. These results strongly argue 
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for a sequence specific effect of the mutations, rather than an unspecific effect due 
to the high GC content introduced by the ApaI site. 
At the moment we are mapping the 5’ and 3’ ends of the remaining 
psbH RNAs in these mutants. 
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5  psbB mRNA and MBB1 are 
part of high molecular weight 
complexes 
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I  MBB1 and related TPR and PPR proteins 
 
 
MBB1 was cloned in 2000, by Vaistij et al (2000a). It was 
characterized as a member of the tetratricopeptide repeat (TPR)-containing protein 
family, since its sequence of 662 amino acids contains 10 repeats related to the 
consensus TPR sequence (figure 36 A). A TPR is a motif involved in protein – 
protein interaction composed of 3 to 15 repeats, often in tandem, of a degenerated 
sequence of 34 amino acids (for review see (Blatch, 1999)). Each TPR repeat unit 
is composed of two anti-parallel amphipatic -helices of equal length designated A 
and B (figure 37 and figure 38). The repeats are believed to form a right-handed 
super helix which possesses a continuous groove suitable for interaction with an -
helix of the target protein. Within these helices, the hydrophobic residues mediate 
the interactions that are necessary for this structure (Das, 1998). The A helix is 
oriented towards the inside and the B helix towards the outside of the super helix. 
Furthermore, the protein binding activity of the TPR motif can be regulated. 
Indeed a metabolite, arachidonic acid, can induce a structural change of the TPR in 
the serine / threonine protein phosphatase 5 (PP5) which affects its binding 
property (Yang, 2005). The structural changes of PP5 are important for proper 
function in yeast (Cliff, 2006). By sequence analysis of TPR containing proteins, 
the consensus sequence of this domain was refined and it appeared that TPRs are 
present in many proteins involved in RNA metabolism, splicing and processing. In 
addition to their primary functions in protein interaction or as protein chaperone, it 
was revealed that RNA – protein interaction could be also mediated by TPR 
domains (Cliff, 2006; Das, 1998; Dobson, 2001; Scheufler, 2000; Small, 2000; 
Smith, 2004; Yang, 2005). 
 
 
 
4 – psbB and MBB1 as part of high molecular weight 
complexes.
I – MBB1 and related PPR and PPR proteins
Figure 36: (A) Amino acid sequence of Chlamydomonas MBB1 including the alignment of 
the 10 repeats and their consensus motif related to the TPR domain (Vaistij., 2000). (B) 
Scheme of the three fragments selected for expression: full MBB1 corresponds to the 
sequence of panel (A) minus the transit peptide (amino acid 1 to 50). A.t. ort MBB1 
correspond to the central TPR domain surrounded on both sides by two regions conserved in 
A.t. HCF107. TPR MBB1 is restricted to the TPR segment of MBB1.
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4 – psbB and MBB1 as part of high molecular weight 
complexes.
I – MBB1 and related PPR and PPR proteins
Figure 37: Alignment of the pentatricopeptide (PPR) and the TPR motifs. On top, 
AAC61823, a typical PPR protein with 12 repeats from A. thaliana and a MEME derived 
consensus sequence from 1303 PPR repeats. Below, the TPR consensus obtained from 593 
repeats with the alignment of  the 5 motifs from a typical TPR-containing protein A40688 
(Small I.D. 2000). 
4 – psbB and MBB1 as part of high molecular weight 
complexes.
I – MBB1 and related PPR and PPR proteins
Figure 38: Conservation of the 3D structure between the TPR, CRN and RTPR repeat families 
forming a superstructure composed of the two A and B helixes. On the left, their consensus 
repeats, with amino acids conserved in  more than 50% of the motifs are drawn in black while 
amino acids conserved in more than 75% of the motifs are drawn in capital red. On the right, 
superimposition of these motifs on the crystal structure of TPR1 of PP5 (DAS et al. 1998). 
Amino acid types were superimposed on the predicted structure composed of the A and B 
helixes that are joined by a loop (dark blue, hydrophobic aliphatic; light blue, hydrophobic 
aromatic; red, acidic; yellow, basic); white writing indicates conservation of >50% while bold 
yellow writing indicates conservation of >75%) (Ben-Yahuda S., 2000). 
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At this time, starting form the consensus TPR sequence, three types 
of variants are known for this domain (figure 37 and figure 38):  
- The PPR motif, a 35 amino-acid repeat folded in a comparable 
structure and highly prevalent within more than 400 proteins in Arabidopsis. This 
motif is also  present in very diverse eukaryotes, but never in prokaryotes (Small, 
2000) (figure 37).  
- The CRN repeat, a 34 amino acid repeat, named in reference to 
Drosophila melanogaster crooked neck (CRN) protein, has been characterized as 
being essential for proliferation of brain neuroblasts (Zhang, 1991). Its consensus 
sequence slightly differs from those of the TPRs (figure 38). 
- The R-TPR, also 34 amino acids long, stands for RNA-TPR, whose 
consensus sequence is slightly different from the classical TPR motif, (Ben-
Yehuda, 2000) (figure 38). Indeed, it presents more charged residues conserved on 
the B domain helix and exerts a specific RNA-binding activity.  
- In addition, a novel 38 amino acid PPR like repeat was also 
identified in TBC2 and RAA1 (Auchincloss, 2002; Merendino, 2006). 
 
The TPR motif appears to be present in three very related chloroplast 
factors: HCF107 in Arabidopsis (Felder et al., 2001), MBB1 and NAC2 in 
Chlamydomonas (Sane, 2005, Boudreau et al., 2000; Vaistij et al., 2000a). The 
Arabidopsis HCF107 and Chlamydomonas MBB1 are involved in controlling 
expression of the same chloroplast gene cluster, psbB-psbT-psbH-petB-petD and 
psbB-psbT-psbH respectively. In the case of HCF107, a specific RNA binding 
activity was revealed by in vitro assays (Sane, 2005). The same techniques also 
showed the binding of the NAC2 protein to the psbD 5’UTR RNA (personal 
communications, Barneche and Gieler.). Since HCF107 is the closest ortholog of 
MBB1 (see figure 40), we could expect similar RNA binding activity (Felder et 
al., 2001). However, HCF107 is mainly a peripheral membrane protein and is 
involved in stabilization and processing of psbH containing transcripts. It is also 
required for psbB mRNA translation (Sane, 2005). Previous work (Vaistij et al.,  
4 – psbB and MBB1 as part of high molecular weight 
complexes.
I – MBB1 and related PPR and PPR proteins
Figure 39: Similarities between MBB1 repeats and the consensus amino acid types for the 
TPR, CRN, and RTPR repeats as described on the previous picture and using the same color 
code. In addition, the PPR consensus sequence based on figure 24 (Small I.D. 2000) is shown 
in which amino acids conserved in  more than 50% of the motifs are drawn in black while 
amino acids conserved in more than 75% of the motifs are drawn in capital red. Numbers on 
the top indicate the position and the consensus represents amino acid type [a, aliphatic 
(AGILPV); r, aromatic (FWY); b, basic (HKR); c, acidic (DE)]. Representation of the 
consensus shared by MBB1 with each class of motif described above. The consensus for 
MBB1 amino acid types shared with these four domains are shown at the top. 
1         2         3
12345678901234567890123456789012345
MBB1 ArAR.ARAaaCa..A.AcbAB.AR..aa...a..
TPR A.Ar..RA...........A...R..A....a.. 
RTPR ...R..RA..C........AB.A...a....a..
CNR ...R..RA..C.......bAB.AR..aa...a..
PPR ..r.aAa.a.ab.a..cca..ar......a..a..
Consensus for each repeat family and their similarities with 
those of MBB1
  
137 
 
2000a; Vaistij et al., 2000b) and our results seem to indicate that MBB1 is mainly 
soluble and implicated in processing, stabilization and translation of psbB and 
psbH transcripts. Thus the properties of these two proteins do not seem to be 
identical. Unfortunately, in the case of MBB1, we were unable to express the 
recombinant protein in soluble form, and thus unable to test whether it binds psbB 
RNA directly. The consensus TPR sequence of MBB1 also shares features with 
the RTPR motif based on their amino acid properties: aliphatic, aromatic, basic or 
acidic. This could also suggest a direct RNA binding activity (figure 39). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 – psbB and MBB1 as part of high molecular weight 
complexes.
I – MBB1 and related PPR and PPR proteins
Figure 40: Phylogenetic analysis of HCF107 and Mbb1. HCF107 was used as the query 
sequence for a BLASTP search (http://www.ncbi.nlm.nih.gov/BLAST/). Protein sequences 
with alignment scores >50 were subjected to phylogenetic analysis using parsimony (PAUP 
4.0b8; Sinauer Associates, Sunderland, MA). Only the relevant part of the tree is shown. 
Bootstrap values and protein identifiers are indicated. (figure and legend cited from Felder et 
al.,  2001)
MBB1
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II  Production and characterization of MBB1 antiserum 
 
1  Expression of recombinant MBB1 
  
To obtain more insights into MBB1 protein accumulation in our 
linker scan mutants and in other PSII deficient strains, an antiserum was raised 
against MBB1. The use of Chlamydomonas cells expressing MBB1 tagged HA 
was judged less appropriate because the presence of the a tag can in some cases 
alter the structure and impair all or part of the functions of a protein (Mikalsen, 
2005), even though MBB1::HA rescues the mbb1 mutant. Second, the use of this 
construct would have required the transformation of all the strains examined, or 
crosses with the mbb1:MBB1::HA tagged Chlamydomonas strain. Third, no 
antibodies are available against a related protein, like HCF107, which could have 
been tested on Chlamydomonas extracts. 
Colleagues in the field often reported difficulties to express TPR and 
PPR containing proteins. Thus, three MBB1 fragments were generated by PCR 
from the cDNA template (figure 36 B). These DNA products were inserted in 
various expression plasmids and included: the full length coding sequence of 
MBB1 without its transit peptide, a TPR domain containing only the 9 repeats 
which is the central part of MBB1 protein, and an intermediate version harboring 
sequences orthologous to HCF107 from Arabidopsis thaliana, flanking the TPR 
domains on both sides (see Vaistij 2000a, figure 3). Many expression systems 
(His6 fusion in pET15 vectors, thioredoxin fusion in pTHX vectors, Glutathione 
(GST) fusion using the pGEX5-X2 vector) and several conditions of protein 
expression were tested, from 16˚ to 37˚ Celsius, from 1 hour to 16 hours of 
induction, using low or high inducer concentrations, including in some cases 
chemicals like benzyl alcohol according to Goloubinoff (de Marco, 2005), Gly-gly 
dipeptides , high phosphate growth media, etc…. Among these variations which in 
general yielded low expression levels, or even no protein at all, only the expression  
4 – psbB and MBB1 as part of high molecular weight 
complexes.
II – MBB1 antibody production and characterization
Figure 41: (A) Purification of inclusion bodies: Western blot using anti-Histidine antibodies. 
(B) Coomassie staining corresponding to the same loading as in panel A. (C) Characterization 
of MBB1 protein in wild-type Chlamydomonas, compared to the mbb1 mutant. In parallel, 
quantification of the detection level compared to various amounts of recombinant protein. The 
squares in panels A or B correspond to the product of interest subsequently cut from the gel and 
electroeluted.
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of the full length form of MBB1 in pGEX was retained. Finally, the following 
conditions appeared to be the best: 30˚C degrees, 4 hours, 0.1 M IPTG in a 
pET16b expression system vector using E. coli BL21cells. Unfortunately for in 
vitro RNA-binding assays, the approx. 70 kDa product was insoluble and 
completely absent from the supernatant at high speed centrifugation (figure 41 A). 
We took advantage of this observation to purify full-length MBB1 particles as 
“Inclusion Bodies”, known to be an aggregate of almost pure protein (Singh SM, 
2005). Panel (figure 41 B) shows that even after two washes of the inclusion 
bodies, several bands of smaller size are still detected on the SDS-PAGE. Several 
of these lanes are recognized by the anti-Histidine antibodies, suggesting that some 
of these minor bands are products of degradation of the expressed full-length His-
tagged MBB1 recombinant protein or prematurely terminated polypeptides. Two 
liters of culture in LB yielded approximately 1mg of recombinant MBB1 in 
inclusion bodies that were resuspended and injected 6 times at 20 days intervals in 
a rabbit. Bleeds and injections were interspaced by 10 days each. Characterization 
and specificity of the MBB1 antibodies are shown in figure 41. A band at the 
expected size of 72 kDa is detected in wild-type Chlamydomonas but not in the 
mbb1 mutant background. Although a few non-specific bands are detected in both 
strains at equal intensities, the signal of the sera 3 to 6 gave the best specificity 
compared to the level of detection of unspecific bands (data not shown). During 
the quantification of the detection limit of these antibodies (figure 41 panel C), a 
shift of about 3 or 4 kDa in the position observed on the SDS-PAGE was apparent 
between Chlamydomonas MBB1 compared to the recombinant protein. This might 
be attributed to posttranslational modifications affecting either the charge or the 
size of the protein.  
 
2  MBB1 accumulation in total cell extracts 
 
One of the first questions to address was whether MBB1 protein 
accumulation is regulated. Since it is expressed by the nuclear genetic 
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compartment and is required for psbB expression in the chloroplast, it could 
possibly mediate the control of one compartment by the other. Total cell extracts 
were collected from wild type and from PSII nuclear and chloroplast mutants 
deficient in either D1 or D2 synthesis. They were selected to test the effect of the 
absence of either of the reaction center polypeptides of PSII on MBB1 expression. 
In all these mutants the other subunits of PSII are rapidly degraded and do not 
accumulate. 
D2 is the first protein to assemble during PSII biogenesis. The nac2-
26 and m14 nuclear mutants lack psbD mRNA which encodes the D2 protein. As 
a consequence of the CES process, synthesis of D1 is reduced and the synthesis of 
CP47 is also inhibited by the CES due to the absence of its assembly partner D1. 
The ac115 and fud47 mutants accumulate psbD mRNA but fail to translate D2. 
These two strains have a similar phenotype as nac2-26 but differ by the presence 
of the psbD mRNA. D1 is the second protein to assemble, and is bound to D2. The 
fud7 mutant has a deletion of psbA which encodes the PSII protein D1. As a 
consequence D2 accumulation is reduced because the protein is not stabilized by 
its direct partner and CP47 synthesis is down regulated due to the CES process. 
Proteins were extracted and analyzed by western blotting using 
MBB1 antibodies and equal loading was tested using DNAK antibodies (figure 
42). As expected, MBB1 is absent from the mbb1 mutant. But in all the other 
strains analyzed here, the level of MBB1 is constant, hence independent of the 
genetic background or of the type of mutation. This result suggests that the 
expression of MBB1 is not subject to regulation based on the state of PSII 
assembly, nor on the levels of PSII mRNAs or core protein subunits. It would be 
interesting to test whether MBB1 expression is regulated by other signals or 
stimuli, such as light, nutrient availability or the cell cycle. The levels of the psbB-
psbT, psbB and psbH transcripts in the same series of mutants are presented in 
figures 44, 46, 48, 50, 52, 54 and 55. 
 
 
4 – psbB and MBB1 as part of high molecular weight 
complexes.
II – MBB1 antibody production and characterization
Figure 42: (Upper panel) Western blot analysis on total cell extracts with MBB1 antiserum. 
Extracts from WT and different PSII deficient mutants were examined. (Lower panel) The 
same membranes were blotted with DNAK antibodies as a loading control. mbb1, lacks psbB
mRNA and CP47, fud7 lacks psbA mRNA, D1 protein and CP47, nac2-26 and m14 lack 
psbD mRNA which encodes D2 protein.  ac115 and fud47 accumulates psbD mRNA but fail to 
translate D2. 
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III  Association of MBB1 and psbB-psbT RNA in high molecular 
complexes 
1  Introduction 
 
Vaistij et al. observed that the MBB1:3HA and psbB transcripts co-
fractionated (Vaistij et al., 2000a). They loaded total cell protein extracts of a 
triple-HA-tagged MBB1 on a size exclusion column with a limit of exclusion at 
2000 kDa. They observed that MBB1 was associated with a small and a large 
complex of 300 and 2000 kDa, respectively. The psbB mRNA was also present in 
the high molecular weight fractions. The presence of MBB1 and of psbB RNA in 
the larger complexes was abolished by both RNAse or EDTA treatments. However 
it was not possible to distinguish between psbB-psbT and psbB RNAs using slot 
blot detection of the transcripts and a probe specific for psbB. The limit of 
resolution of the resin used in the size exclusion experiment was 2000 kDa. 
Characterization of HCF107 in Arabidopsis by sucrose gradient 
sedimentation also revealed two complexes: a small and abundant complex 
migrating between 100 and 240 kDa, and a larger complex with a size comprised 
between 600 to 800 kDa (Sane, 2005). However in this case digitonin and sodium 
dodecyl-maltoside were used to solubilize HCF107 complexes and one cannot 
exclude that these detergents released some components, especially those more 
tightly bound to the membrane since HCF107 is mainly located to the periphery of 
the membranes. Hence, due to the differences in protein extraction, it is difficult to 
compare the size of HCF107 and MBB1 complexes at this time. 
In Chlamydomonas, similar fractionations also led to the observation 
of high molecular weight complexes containing the stabilizing factor NAC2 and 
chloroplast psbD mRNA (Nickelsen et al., 1999), and a high molecular weight 
complex was also observed for the translation factor TAB2 (Dauvillee, 2003).  
We decided to study these high molecular weight complexes by 
sucrose gradient sedimentation, a technique that allows a better resolution than size 
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exclusion. Indeed, no resin available at this time gives resolution above 2 MDa 
(MegaDalton). For instance, to study the fractionation of a protein with ribosome 
or polysomes, the resolution needs to start in the MDa range, since 2.5 MDa 
corresponds to the molecular mass of a single 70S ribosome and several ribosomes 
can associate to a mRNA. 
The availability of the psbB linker scan mutants provides new 
possibilities for studying the maturation of the psbB-psbT, psbB and psbH 
transcripts. It may be possible to detect differences in the distribution of these 
transcripts and to find conditions under which RNA intermediates in maturation of 
the psbB transcription unit could be detected. Moreover the psbB linker scan 
mutants could be very useful for the characterization of the high molecular weight 
MBB1 complexes. Comparison of these complexes in psbB linker scan mutants 
which still accumulate psbB mRNA but which lack CP47 protein with those that 
do no longer accumulate psbB transcripts could provide answers to several 
questions: Is MBB1 associated with psbB and psbH transcripts ? If so are these 
complexes associated with ribosomes ? The nature of MBB1 partners remains 
unknown and co-fractionation does not necessarily mean that psbB mRNA and 
MBB1 are part of the same complex. In the case of a MBB1-containing complex 
directly binding to a sequence or a structure of the psbB leader, one would expect a 
shift to lower density fractions when psbB mRNA is not present, as in m26-31.  
Purification of ribosomes on sucrose gradients has been performed 
already 40 years ago in E. coli (Ennis, 1968; Mangiarotti, 1966; Weber, 1966). 
Soon after, isolation of chloroplast and mitochondrial polysomes was achieved 
(Avadhani, 1971; Lewis, 1976), especially chloroplast polysomes using 
Chlamydomonas reinhardtii probably due to the size of its photosynthetic 
organelle accounting for 40 % of the total cell volume (Baumgartel, 1976a; 
Baumgartel, 1976b; Bolli, 1981; Breidenbach, 1988; Breidenbach, 1990; Chua, 
1973b; Herrin, 1985; Hoober, 1969). This technique was developed in order to 
obtain more insights into chloroplast ribonucleoprotein complexes. The conditions 
of centrifugation are such that polysomes sediment to the denser fractions near the  
4 – psbB and MBB1 as part of high molecular weight 
complexes.
III – Association of  MBB1 and psbB mRNA in high molecular 
weight complexes
Figure 43: Western blot analysis of the extracts separated on 7 to 55% sucrose gradients. 
Specific antibodies against MBB1, and against two ribosomal subunits, S1 and RPL1 were used 
to determine the location of these complexes in the fractions. The sample of the three top panels 
correspond to a WT extract, and the three lower panels represents the results of the same 
samples prepared with EDTA.
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bottom of the gradient. They were characterized by their absorption at 260 nm, the 
presence of ribosomal RNA and specific mRNAs, nascent proteins, and by the 
disappearance of these high molecular weight complexes after RNase or EDTA 
treatment. Two types of buffers could be used depending on NaCl or KCl 
concentrations: either low salt (40mM NaCl or KCl), or high salt (0.7 M NaCl or 
KCl). In the first case, the 30S and 50S subunits can self-assemble in a monomeric 
ribosome even in the absence of mRNA, whereas under high salt conditions, 70S 
ribosomes are only present if assembled on a mRNA and the 70S peak is only 
constituted of translationally active ribosomes (Emery, 2004). However the 
resolution of the distribution profiles appears to be better under low salt 
concentration.  
Therefore, we chose 7 to 55 % sucrose density gradients for 
fractionation corresponding respectively to 0.2 and 1.6 M sucrose in low salt. 
These conditions are suitable to address the question of MBB1 complex assembly 
in our mutants (See Materials and Methods for further details). 
 
2  Complexes containing MBB1 and transcripts from the psbB operon  
 
The first step of these experiments was to confirm the behavior of 
MBB1 in the wild type, and possibly to gain new insights on the size of the high 
molecular weight complexes, observed in the exclusion volume of a gel filtration 
column whose limit was 2000 kDa (Vaistij et al., 2000a). In this work, we will 
refer to MBB1 complexes, instead of using MBB1 complex, because the nature of 
MBB1 interactions is not known and MBB1 could be involved in several processes 
and thus be associated with various complexes. Sucrose density gradient 
fractionation revealed larger sizes for MBB1 complexes than the 2 MDa 
previously reported, ranging approximately up to 10 MDa based on the ribosomal 
RNA profile detected in the fractions of the gradients. When detected by Western 
blotting using MBB1 antibody, a large proportion of MBB1 is present in the low 
molecular weight fractions (fractions 2 to 5 from the top, Figure 43). This most 
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probably corresponds to the free protein or the 300 kDa complex reported by 
Vaistij et al. (2000a). When compared to the pattern of distribution of the 
ribosomal RNAs stained by ethidium bromide or to the position of the ribosomal 
RPL1 and CreS1 proteins (figure 44 B top panel and figure 43), we observed that 
the MBB1-containing complexes fractionate further down the gradient. 
Immunoblots obtained with antiserum raised against the ribosomal protein RPL1 
in samples obtained without and with EDTA revealed that the ribosome peak is in 
fraction 6 whereas the large ribosomal subunit is in fraction 4. When compared to 
the size of a single ribosome, the gradient reveals that MBB1 sediments in much 
larger complexes than 2.5 MDa (see figure 43). This suggests that in addition to 
the 300 kDa complex, MBB1 is present in very high molecular weight complexes 
in the range of several MDa. These could possibly be associated to polysomes or 
to non-polysomal complexes, like the atpA transcript in the tda1-F54 mutant, 
whose high molecular weight complexes are resistant to EDTA (Eberhard et al., 
personal communication).  
In order to investigate the nature of these complexes, a classical 
approach is to treat the WT soluble extracts either with 10 mM EDTA during cell 
breakage prior to loading on the gradient, or to treat another aliquot of the WT 
sample with RNase A. Compared to the untreated WT, the first experiment 
addresses the involvement of divalent cations like Mg++ or Ca++ which are chelated 
by EDTA and the second experiment tests for the presence of RNA molecules that 
could be components of MBB1 containing complexes. In this case, RNA 
destruction by the RNase should reduce the size of the MBB1 complexes and a 
shift to the lower molecular fractions should be observed. Indeed, in both cases, 
MBB1 was detected only in fractions at the top of the gradients, indicating that the 
complexes contain both RNA and divalent cations (figure 44 A). These results are 
consistent with the previous experiment, where size exclusion fractionation also 
showed sensitivity of the larger MBB1 complex to both RNase or EDTA (Vaistij 
et al., 2000a). The distribution of the psbB-psbT (2.3 kb) transcript in the gradient 
is similar to that of MBB1 in the untreated WT and the WT+EDTA samples, both  
4 – psbB and MBB1 as part of high molecular weight 
complexes.
III – Association of  MBB1 and psbB mRNA in high molecular 
weight complexes
Figure 44: (A) Western blot analysis using MBB1 antibodies. The first two lanes on the left of 
the gels correspond to the mbb1 and the input extracts. The following ones correspond to the 
15 fractions of the gradient of wild-type Chlamydomonas. Material at the bottom of the tube 
was resuspended and loaded in the last lane. Upon treatment with EDTA or RNAse A, MBB1 
shifts to lighter fractions. (B) The upper frame represents an Ethidium-Bromide staining of 
RNA gels prior to their transfer onto a nitrocellulose membrane. The subsequent hybridization 
of these membranes with specific probes annotated on the left side of the figure reveal the 
level of accumulation of the various transcripts.
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Figure 45: Phosphorimager quantification of the data in figure 30 panel B.
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shifting to lower density fractions (figure 44 B). In contrast the psbH transcripts 
(0.4 and 0.5 kb) are found predominantly in the top fractions. Surprisingly EDTA 
treatment led to their disappearance perhaps, by activating a latent nuclease. 
Quantification by phosphorimager of the psbB and psbH RNA signals in these 
experiments clearly shows the strong destabilizing effect of EDTA on the RNA-
containing complexes (figure 45). 
 
3  MBB1 and psbB-psbT, psbB and psbH transcripts in the 3 classes of psbB 
5’UTR linker scan mutants. 
 
We analyzed the mutants from the three classes generated in the 
linker scan experiments since they display specific maturation, stability and 
translation defects. Previously, Vaistij et al. established that MBB1 is required for 
psbB-psbT-psbH stability based on Northern blot results (Vaistij et al., 2000b). 
This study also reported that MBB1 and psbB RNA cofractionated after sucrose 
density gradient centrifugation. The availability of the m26-31 mutant strain made 
it possible to test whether the absence of psbB-psbT and psbB RNA affects the size 
distribution of the MBB1 complexes. This would greatly support the existence of a 
MBB1-psbB RNA or MBB1-psbB-psbT RNA complex. Indeed, MBB1 is no 
longer associated with high molecular weight complexes in the mutant m26-31 
where these two psbB containing transcripts are absent (figure 46) and a shift of 
MBB1 towards the lower molecular weight fractions is observed (figure 46). The 
fact that larger MBB1-containing complexes cannot form in the absence of the 
psbB transcripts clearly argues for a partnership in the same complex. The absence 
of one partner directly affects the other one: the lack of MBB1 in mbb1 leads to the 
absence of psbB mRNA and the loss of psbB RNAs in m26-31 results in the 
absence of MBB1 from larger complexes. Altogether, these results suggest that 
both psbB transcripts and MBB1 are part of the same complex. 
Next, the mutants m15-20 with changes in the sequence of the short 
and abundant 5’UTR and m37-42 with changes in the sequence of the long leader 
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were examined. Both of these mutants accumulate the short form of psbB RNA but 
m15-20 fails to translate this RNA and m37-42 accumulates less than 2.5 % of 
CP47. We could not detect any major change in MBB1 distribution in the sucrose 
gradient in comparison to the WT. However concerning the RNA, the peak in 
psbB RNA observed in the WT in fractions 9 and 10 indicative of an association to 
ribosomes active in translation is not detected in the m15-21 mutant (figure 44 
and 46). The lack of this peak would be consistent with the fact that m15-20 does 
not accumulate CP47. In the other mutant, m37-42, a peak similar to that in the 
WT is present between fractions 8 and 10. This could reflect the fact that the psbB 
mRNAs can engage translation since 2.5 % of CP47 protein accumulates in m37-
42 compared to the WT, even though the rate of translation of CP47 is highly 
diminished and not measurable in both mutants as detected by pulse labeling 
(figure 26). Quantifications by phosphorimaging of the distribution of psbB-psbT 
confirms that in m15-20 no peak is present (figure 47 top). The correlation 
between translation and this peak, or the lack of translation and absence of the 
peak, suggests that these fractions could correspond to mRNAs associated to 
ribosomes. It is noteworthy that this peak disappeared in the WT after EDTA 
treatment (10 mM) (figure 47 middle). 
Vaistij et al. found that a minor fraction of MBB1 was loosely 
associated to chloroplast membranes. This fraction was released in the soluble 
fraction upon treatment with 0.5 M ammonium sulfate. We investigated whether 
there are size differences between the soluble complexes extracted in the presence 
or absence of salt. When cell lysis was performed in the presence of 0.5 M 
ammonium sulfate, the distribution of MBB1 was rather different from the one 
using the standard buffer. MBB1 was no longer associated with high molecular 
weight complexes (fraction 7 to 15) (figure 48 top panel). This indicates that 
these complexes are sensitive to salt. Changes in distribution induced by salt 
treatment could not be detected previously in the size exclusion experiments 
because of the 2 MDa limit of the resin and because fraction 6 which corresponds 
to the largest MBB1 containing fraction in the presence of salt already contains  
4 – psbB and MBB1 as part of high molecular weight 
complexes.
III – MBB1 and psbB association in high molecular weight 
complexes
Figure 47: Phosphorimager quantification of psbB and psbH Northern blots in the linker-scan 
mutants, in comparison to the WT.
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Figure 46: Comparison of MBB1, psbB and psbH fractionation in three linker scan mutants: 
m15-20, m26-31 and m37-42, each representing one of the phenotypic classes. Upper panel: 
MBB1 immunostaining by western blot.  Lower panels: Northern blots revealed with psbB
and psbH probes.
4 – psbB and MBB1 as part of high molecular weight 
complexes.
III – MBB1 and psbB association in high molecular weight 
complexes
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Figure 48: Western and Northern blots of WT extracts. Samples were prepared under 
standard extraction conditions (WT) or after lysis in 0.5M ammonium sulfate (WT + salt). 
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sulfate (+salt, lower panel of each pair).
4 – psbB and MBB1 as part of high molecular weight 
complexes.
III – Association of  MBB1 and psbB mRNA in high molecular 
weight complexes
 ?      
  
157 
 
complexes in the range of 2000 kDa as suggested by the ribosomal protein 
fractionation. Thus, fraction 6 could correspond to the fraction previously reported 
as containing the 2 MDa complexes in presence of salt.  
This shift of MBB1 to the lower molecular weight fractions of the 
sucrose gradient after salt treatment is also observed in the nac2-26 and fud7 
strains studied later (figure 49). 
In the WT, Northern blots using the psbB and psbH probes also gave 
rise to different patterns in the presence of salt. The bulk of the dicistronic psbB-
psbT RNA (2.3 kb) is shifted towards lower molecular weight fractions although 
this transcript is still detectable in the bottom fractions of the gradient (figure 48). 
Moreover, an additional band was revealed by the psbB probe with a size 
corresponding to the monocistronic psbB transcript (1.7 kb). The pattern and 
distribution of the psbH transcripts changed considerably in the presence of salt. In 
addition to the two low molecular weight transcripts of psbH (0.4 and 0.5 kb) 
present in the upper fractions in the absence of salt, two larger psbH transcripts 
(0.8 kb and 0.9 kb) appeared in the presence of salt between fractions 3 to 9. 
According to Johnson and Schmidt (Johnson and Schmidt, 1993), the changes in 
psbH transcript size are due to differences at its 3’ end. Together these results 
suggest that psbB-psbT and the short forms of psbH are present in the stroma, and 
that the monocistronic form of psbB and the longer psbH transcripts are released 
from the membranes in the presence of salt (see discussion). 
 
4  Analysis of MBB1 and psbB-psbT, psbB and psbH RNAs in PSII mutants 
 
We then analyzed the distribution of MBB1 and of the psbB-psbT, 
psbB and psbH transcripts in PSII mutants deficient in the synthesis of the PSII 
reaction center subunits D2 and D1, or which are affected in the accumulation of 
their mRNAs. The idea was to investigate the effect of the state of PSII assembly 
on the membrane association of MBB1 and of the transcripts of the psbB gene 
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cluster, and to determine whether it could also affect their size distribution. These 
experiments were also performed with and without salt as described previously.  
The nac2-26 and m14 nuclear mutants lack psbD mRNA which 
encodes the D2 protein. The ac115 and fud47 mutants accumulate psbD mRNA 
but fail to translate D2 which is the first protein to assemble during PSII 
biogenesis. These two last strains have a similar phenotype as the two first listed 
above but differ by the presence of the psbD mRNA. In all of them and as a 
consequence of the control of epistasy process (CES), synthesis of D1 is abolished 
and the synthesis of CP47 is also inhibited due to the absence of its assembly 
partner D1. The fud7 mutant has a deletion of psbA which encodes the PSII protein 
D1, the second protein to assemble, and is associated to D2. As a consequence D2 
accumulation is reduced because the protein is not stabilized by its direct partner 
and the synthesis of CP47 is down regulated by CES. 
We observed that in nac2-26, which lacks psbD mRNA and hence 
D2 protein, MBB1 is present down to the bottom of the gradient. The psbB-psbT 
(2.3 kb) and psbB (1.7 kb) transcripts both could be detected in the soluble fraction 
even in the absence of salt. The psbH transcripts in this mutant were detected in 
higher molecular weight fractions than those from WT. In addition, upon salt 
treatment, the distribution of these transcripts did not change significantly in 
contrast to the WT (figure 50) but the distribution of the largest psbH transcript is 
enlarged compared to fractions 3 to 6 in the WT and relative to the other smaller 
transcripts especially. 
In fud7, lacking psbA mRNA and D1 protein, MBB1 is found only in 
fractions 1 to 9 whereas in the two other strains, WT and nac2-26, MBB1 is also 
present in the high molecular weight fractions (figure 49). The sedimentation 
patterns of the transcripts are comparable in the WT and nac2-26 strains even 
though the monocistronic form of psbB mRNA is detected in the absence of salt in 
nac2-26, fud7 but not in the WT (figure 50). The psbB-psbT and psbB transcripts 
are present in almost all the fractions, with a peak between fractions 3 to 7 in fud7 
and around fractions 9 and 10 in WT whereas no peak is observed in nac2-26. The  
Figure 50: Comparison by RNA blot hybridization of extracts obtained after breakage of WT, 
nac2-26 and fud7 cells in standard condition (upper panels) or in 0.5M ammonium sulfate 
(+salt, lower panels).
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4 – psbB and MBB1 as part of high molecular weight 
complexes.
III – Association of  MBB1 and psbB mRNA in high molecular 
weight complexes
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results suggest that fractions 9 and 10 in the WT correspond to transcripts engaged 
in translation compared to nac2-26 where the CES process inhibits this event. In 
fud7, fractions 3 to 7 contain most of the psbB-psbT and psbB RNA associated 
with smaller complexes than in the WT or in nac2-26, i.e. the psbB-psbT and psbB 
RNAs are less abundant from fractions 8 to the bottom of the gradient in fud7. This 
distribution can be correlated with the decrease of MBB1 in the same mutant 
(figure 49). The salt treatment appears to have the same effect in the WT, in nac2-
26 and in fud7, i.e. reducing the size of the complexes. The distribution of the 
transcripts correlates the observation made in the mutants in absence of salt and 
the change in the profile of maturation parallels the changes observed in the WT 
plus or minus salt. In addition, the distribution of the psbB-psbT-psbH transcripts 
and of MBB1 protein is not the same in all these strains. Indeed, in the presence of 
salt, MBB1 from WT is present between fractions 2 and 6 whereas the transcripts 
are located between fraction 4 and the bottom of the gradient. In the presence of 
salt MBB1 from the nac2-26 and fud7 mutants is found in fractions 3 and 8 
whereas the psbB-psbT and psbB RNAs are present in fractions 3 to the bottom. It 
appears that the size of the complexes containing MBB1 is slightly larger in the 
presence of salt when D2 or D1 are absent (figure 49). However, the apparent 
larger MBB1 complexes could also be the result of a shift to the bottom by one 
fraction of the input which is loaded on the gradient because of the increased 
density due to the addition of 0.5M salt in the extract. 
Based on these results, it appears that MBB1 high molecular weight 
complexes are destabilized by the salt treatment. In contrast the distribution of the 
psbB-psbT, psbB and psbH transcripts is less sensitive to salt. At the same time, 
the differences in the primary defects in the PSII mutants seem to have an impact 
on the transcripts analyzed here.  
One could argue that the observed differences between the strains are 
due to genetic variations in the Chlamydomonas reinhardtii strains used at the 
origin to generate these mutants. They could for instance have differences in RNA 
metabolism or gene expression. To test this possibility the same experiments were 
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performed in parallel on PSII mutant strains and on the corresponding rescued 
strains obtained by introduction of the corresponding WT allele into their 
genomes. These transformants were selected after transformation on HSM with 
light so that gene integration restored phototrophic growth (figure 51 and 52).  
We used the m14 strain, an allelic mutant of nac2-26, and the 
rescued strain, m14::Nac2HA. The patterns of distribution of MBB1 and psbH 
transcripts in nac2-26 and m14 are comparable. At the same time we rescued the 
fud7 and the results are shown in the panel corresponding to Fud7::psbA. Whereas 
MBB1 distribution is affected in fud7, a WT distribution is restored in the rescued 
strain (figure 51). Because the distribution of the psbB-psbT transcripts (figure 
52), is similar in the WT, m14 and fud7, the slight differences observed in the 
corresponding rescued strains are difficult to interpret. However, as in the WT only 
the psbB-psbT transcript is detected in the two rescued mutants, unlike the two 
corresponding PSII mutants which also accumulate psbB RNA. In the case of 
psbH transcripts, the considerable changes in their size distribution observed in 
m14 were no longer observed in the rescued m14::Nac2HA strain which 
restored the WT patterns. In the rescued Fud7::psbA strain, the pattern of 
distribution of psbH RNA stayed almost identical to that in the fud7 mutant. 
However, this pattern in the mutant was very similar to that of the WT (Figure 
52). 
In conclusion, the changes in the patterns observed in these two 
nuclear mutants are not due to variable genetic background. The observed changes 
appear to be specific to the PSII subunit that is deficient in each of these two 
strains.  
In m14 and fud7 the psbB-psbT and psbB RNAs are both present 
throughout the gradient either in association with ribosomes, or with maturation or 
storage complexes. In addition, we note a shift of psbB-psbT and psbB RNA to the 
smaller molecular weight fractions in fud7. This might be due to a decrease of 
translation of CP47 because D1 is not present. In fud7 the psbH RNA patterns are 
very similar to WT but rather different from those of m14 (figure 52). How can  
4 – psbB and MBB1 as part of high molecular weight 
complexes.
IV – Localization and pattern of distribution of psbB/T, psbB 
and psbH in PSII mutants
Figure 51: Western blots revealing MBB1 fractionation in PSII mutants (nac2-26 and fud7), 
and in the corresponding strains rescued by transformation with the wild-type gene.
4 – psbB and MBB1 as part of high molecular weight 
complexes.
IV – Localization and pattern of distribution of psbB/T, psbB 
and psbH in PSII mutants
Figure 52: Northern blots revealing psbB/T, psbB and psbH transcript fractionation in PSII 
mutants (m14 and fud7), and in the corresponding rescued strains (M14::Nac2HA and 
Fud7::psbA).
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one explain this result ? What are the differences between nac2-26 and fud7? The 
psbD mRNA and D2 protein are absent in the first mutant, and psbA mRNA and 
D1 are no longer produced in fud7.  
We then took advantage of the numerous PSII mutants available. 
Some are affected in the stability of a specific transcript, as nac2-26 in the case of 
psbD mRNA, and others still accumulate the transcript but fail to translate it into a 
protein, as ac115 and fud47 for the same transcript. The fud7 mutant, already 
described is lacking psbA mRNA and its product D1 but can synthesize D2. It also 
appears on figure 44 for an easier comparison of the results. Together these 
mutants seemed interesting since they affect individual steps of gene expression of 
the reaction center subunits of PSII that assemble just prior to CP47, which is 
assembling immediately after D2 and D1. 
The data obtained with nac2-26, m14, ac115 and fud47 indicate 
very similar sedimentation for psbB-psbT and for psbB transcripts (figure 53 and 
54). This suggests that their distribution is mostly affected by the absence of D2 
independently of the absence of psbD RNA (in nac2-26) or presence of psbD 
mRNA (in ac115 and fud47). The results also suggest that the absence of D2 could 
also lead to changes in membrane association of psbH RNA with the release of 
larger transcripts in the stroma. The fact that the psbH transcript patterns are very 
similar in nac2-26 and ac115 reinforces the idea that it is the absence of D2 which 
is the cause rather than a pleiotropic function of the NAC2 or AC115 factors. 
When D1 is missing but D2 is still synthesized in fud7, the transcripts containing 
psbB are shifted to smaller size complexes suggesting a decrease in translation. 
(figure 52 compared to figure 44 and 54). Similarly, MBB1 is also shifted to 
lighter fractions of the sucrose gradient (figure 49).  
 
 
 
 
 
Figure 53: PSII core-subunit mutants exerting effects on MBB1 fractionation. These strains lack 
either one specific transcript or fail to translate a specific PSII protein. nac2-26 accumulates 
neither psbD mRNA, nor D2, D1, CP47 or PsbH proteins.  fud47 and ac115 accumulate psbD
mRNA. fud47 translates a truncated and unstable D2 protein and ac115 is deficient in translation 
elongation. As a consequence, subunits supposed to subsequently assemble in the PSII center are 
also absent. fud7 is deleted in psbA, leading to absence of D1. In response, CP47 synthesis is 
downregulated by the CES process and D2 accumulation is decreased. 
4 – psbB and MBB1 as part of high molecular weight 
complexes.
IV – Localization and pattern of distribution of psbB/T, psbB 
and psbH in PSII mutants
Figure 54: Effects on  psbB-psbT, psbB and psbH fractionation in the same PSII core-subunit 
mutants (see figure 53). In addition to the change in fractionation, we can also observe a change 
in the pattern of maturation of the transcripts among these mutants.
4 – psbB and MBB1 as part of high molecular weight 
complexes.
IV – Localization and pattern of distribution of psbB/T, psbB 
and psbH in PSII mutants
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 IV Conclusion and discussion 
 
MBB1 is associated with large molecular weight RNA-protein complexes  
MBB1 is present in complexes of multiple sizes in WT cells as 
revealed by sucrose density gradient centrifugation. After RNase or EDTA 
treatment the size of the Mbb1 complex is reduced to 300 kDa (Vaistij et al.; 2000; 
Fig. 34A). The size of these large MBB1-containing complexes exceeds that of 
single ribosomes and MBB1 is detected in all fractions of the gradient. These large 
MW complexes could represent polysomes as they are EDTA-sensitive. However 
they could also represent RNA-protein complexes that are sensitive to EDTA. This 
appears to be the case in the m15-20 mutants which still accumulate large MBB1-
psbB RNA complexes although this mutant is deficient in psbB translation and 
therefore cannot form polysomes with psbB RNA (figure 46).  
An important result is that the large size MBB1 complexes are no 
longer detectable in the absence of psbB-psbT and psbB RNA. This can be clearly 
seen in the m26-31 mutant which lacks psbB transcripts (figure 46 and 47). This 
strongly suggests that MBB1 and psbB/psbB-psbT RNA are part of the same 
RNase-sensitive complex.  
The larger MBB1 complexes are also present in PSII mutant strains 
deficient in psbD (D2) expression. But, in fud7, which is deleted for psbA, MBB1 
is mostly distributed in the upper part of the gradient (figure 49). This could be 
due to the fact that the MBB1-containing complex is not fully assembled in this 
mutant. Another possibility is that polyribosomes associated with psbB mRNA are 
stalled on thylakoid membranes because of the decrease of CP47 synthesis in the 
absence of D1 and thus they would no longer be detectable in the soluble phase.  
 
Changes in membrane association and/or processing of psbB RNA in the different 
PSII mutants 
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Although the psbB-psbT, psbB and psbH RNAs are present in similar 
amounts in most strains examined in this study (figure 55), their presence in the 
soluble extract and their sedimentation patterns are rather different. These 
differences point to changes in membrane association and complex formation 
(figures 46, 48, 49, 52, 54 and 55) and appear to depend to some extent on the 
PSII subunits that are no longer synthesized in the mutants. 
The dicistronic psbB-psbT transcript (2.3 kb) and the monocistronic 
psbB transcript (1.7 kb) are always present in total cell extracts with an excess of 
dicistronic over monocistronic mRNA. The only exceptions are mbb1 and m26-31 
which fail to accumulate these transcripts and fud7 which accumulates only the 
dicistronic psbB-psbT form (figure 55). However the monocistronic psbB RNA is 
detectable in the fractions of the sucrose gradients from fud7 (figure 50, 52, 54). It 
is possible that some processing of the dicistronic psbB-psbT RNA may occur 
during the preparation of the samples. 
In the WT the psbB-psbT RNA from the soluble extract is distributed 
throughout the fractions of the sucrose density gradient. This is also observed in 
the two linker scan mutants, m15-20 and m37-42 (figure 45, 46). Upon salt 
treatment, psbB RNA is released in the soluble extract and present in most 
fractions of the gradients (figure 48). This salt treatment releases loosely bound 
components from the membranes. The results suggest that psbB mRNA is 
preferentially associated with the membranes. Without salt, psbB mRNA would be 
eliminated with the membranes and the debris. However we cannot exclude that 
the salt treatment enhances processing of the dicistronic form of psbB RNA during 
sample preparation. In the fud7 mutant as well as in the D2 mutants, monocistronic 
psbB RNA is released into the soluble extract without salt treatment suggesting 
that the absence of D1 or D2 leads to a decreased binding of psbB RNA to 
membranes (figure 48, 50, 52). One possibility is that translation of psbB mRNA 
is reduced and that this loosens its interaction with the membrane. In the case of 
D2, comparison of nac2-26, lacking both psbD RNA and its product D2, with the 
mutant ac115, accumulating psbD mRNA but unable to translate this message,  
Figure 55: Northern blots of total cell extracts probed specifically for psbB and psbH. In the 
strains where the transcripts are present, the pattern of maturation of  the psbB-psbT, psbB and 
psbH transcripts appears comparable. However, in fud7, only psbB-psbT and the longer forms of 
psbH accumulate.
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indicates that the absence of D2 correlates with the appearance of the psbB 
transcript in the soluble phase. Another possibility is that the processing of psbB-
psbT RNA is enhanced in the soluble extract in the absence of D2 and D1 during 
sample preparation. 
 
Loss of PSII reaction center proteins leads to changes in the size of psbB RNA 
complexes  
The psbB-psbT transcript is present in all fractions of the sucrose 
gradient. In the case of PSII mutants deficient in either D1 or D2 synthesis the 
psbB monocistronic RNA is also present. In the case of fud7 which lacks psbA 
mRNA, the bulk of the psbB transcripts is shifted to the smaller size fractions 
(figure 50). This distribution may reflect a decrease in the rate of translation of 
CP47 as a result of the absence of D1 protein and is fully compatible with the CES 
model according to which loss of D1 has a negative impact on CP47 synthesis. 
These differences with WT cannot be attributed to changes in the genetic 
background of the strains since we tested that two rescued strains, 
M14::Nac2HA and Fud7::psbA, recover a WT phenotype. The shift of psbB 
mRNA in absence of D2 is not observed, although D1 is also absent, which would 
lead to a repression of CP47 synthesis. The significance of these differences is not 
clear. 
 
Association and distribution of psbH transcripts are affected in PSII mutants   
The psbH transcripts are present in total cell extracts from all the 
strains, except in mbb1. Only a single psbH RNA is present (0.9 kb form) in fud7 
(figure 55). The shorter forms detectable in the gradient of fud7 could result from 
increased processing during sample preparation (figure 54). Although the four 
forms of psbH RNA are present in all the other total extracts, not all of them are 
detectable in the soluble extract. In nac2-26, four bands are detected, and a 1.1 kb 
transcript appears in place of the 0.9 kb form. In the WT, m15-20, m37-42 but 
fud7, only the 2 or 3 smaller RNAs are detected. The hypothesis proposed for psbB 
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mRNA membrane association could also be applied for psbH. Indeed, after salt 
treatment, the longer forms appear in the soluble extract in the strains in which 
they were absent (figures 48 and 50). The ratio between the longer and shorter 
forms is increased in the three strains, WT, nac2-26 and fud7 (figures 48 and 50). 
The longer forms would be associated with the membranes and released after salt 
treatment, whereas the shorter forms are distributed more broadly in the stroma.  
In a similar way, the loss of D2 (in the strains nac2-26, m14, 
ac115, and fud47) affects the distribution of psbH transcripts in the gradient. 
(figures 48, 50 and 54). In contrast absence of D1 does not affect this distribution. 
Again, the effect of possible differences in the genetic background was tested 
using the rescued m14 and fud7 strains and found not to have any significant 
influence (figure 52).  
The discussion about the sequential events of maturation and 
localization of these transcripts will be extended and a model will be presented in 
the chapter “Conclusion” of this work. 
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6  Conclusions 
  
173 
 
1  psbB 5’UTR cis-elements involved in transcript stability and translation 
 
Our analysis has defined a cis-acting element in the 5’ UTR which is 
essential for the stable accumulation of the psbB and psbB/T transcripts. These 
RNAs are completely absent in m21-26, and reduced to about 20% of wild-type in 
the m26-32 and m15-20 mutants which contain flanking mutations. RNA 
stabilizing elements have been analyzed in the 5’UTRs of other chloroplast 
transcripts but none of them resembles the psbB 5’UTR sequence required for 
stability.  
Analysis by primer extension of all the mutants that still accumulate 
detectable levels of psbB and psbB-psbT RNA reveal that their 5’UTR end is at 
position -35, even when the actual sequence around that site is altered (m32-37). 
Processing of the psbA and psbD RNAs is also independent of the sequence at the 
processing site (Bruick and Mayfield, 1998; Nickelsen et al., 1999).  
We can propose two main models of how the psbB-psbT precursor 
RNA could be processed to generate the end at -35: 
If the mature 5’ end of the psbB-psbT transcript is created by 
endonucleolytic cleavage at -35, our results imply that the cleavage site must be 
distinct from the recognition site of the putative endonuclease. In this model, a 
factor bound upstream or downstream of the processing site in the psbB-psbT 
5’UTR could recruit an endonuclease or could be a specific endonuclease acting at 
a distance. MBB1 could be this recruiting factor or the enzyme itself.  
Alternatively, the mature end at -35 could be generated by a 5’-3’ 
processive exonuclease activity that would stop at this position. A factor would 
mediate this arrest. Because the formation of the -35 end is MBB1-dependent, 
MBB1 could be this factor. The formation of the -35 form of psbB transcripts 
would stabilize these transcripts. Vaistij et al. have previously presented evidence 
that a 5’-3’ exonucleolytic activity efficiently degrades the longer transcript 
(ending at -147) both in the wild type and in mbb1-222E (Vaistij et al., 2000b). A 
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factor that would bind the RNA and block such a processive activity might be 
expected to bind a sequence just downstream of the 5’end.  
We can also observe that in addition to the formation of the -35 end, 
minor bands at -36 and -34 forms are also detected by primer extension. These two 
products could arise because the processivity of the exonuclease is stopped in a 
flexible manner, in some cases upstream of the -35 position and downstream in 
other cases. In the case of an endonuclease, it could also be that the distance 
between the nucleolytic site and the RNA recognition site for this protein is 
variable due to the flexibility of the RNA and of the catalytic protein itself. No 
mutations have been found which alter the position of the 5’end. In either of the 
two models, the recognition sequence could correspond to the element that is also 
important for mRNA accumulation (centered on -26 to -31). Generation of the 
correct 5’end and RNA stability are apparently tightly coupled. We favor the 
model of a 5’-3’ exonuclease stopped by a factor bound to the sequence required 
for stability in the psbB-psbT 5’UTR. 
We observed that in two of the mutants in which the amounts of 
psbB and psbB/T RNAs are strongly reduced, the levels of the psbH RNAs are 
enhanced compared to the wild type. One interpretation of these results is that the 
psbB-psbT and psbB transcripts could compete with the psbH RNA for a common 
factor that would enhance the stability of these RNAs and that would be present in 
limiting amounts. In m26-31, the stabilizing factor would not bind to the mutant 
5’UTR of psbB-psbT or psbB RNA, so that more would be available for binding to 
the psbH 5’UTR. Vaistij et al. previously suggested a possible role for MBB1 in 
the stability of both psbB and psbH RNAs, but it is not known whether this role is 
direct or indirect (Vaistij, 1999; Vaistij et al., 2000b). In addition, we found a 7 
base stability sequence on both the psbB and psbH 5’UTRs, located downstream of 
their respective processing sites. Mutations of this sequence in two linker scan 
mutants, m21-26 and m26-31, abolish or greatly diminish psbB RNA stability. 
Evidence for limiting trans-acting factors involved in RNA maturation has been 
presented for transgenic tobacco plastids: over-expressing a chimeric reporter with 
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the 5’UTR of clpP led to reduced RNA processing (Kuroda and Maliga 2002). 
Likewise, over-expression of an RNA editing substrate resulted in reduced editing 
(Bock, 2000).  
In the mbb1-222E mutant, the transcripts ending at -35 are 
completely absent, but the longer transcripts ending at -147 are present at the same 
low level as in the wild type. Since there is no detectable translation or 
accumulation of CP47 (the product of psbB) in the mutant, it appears that the long 
form is not competent for translation, or is present in too low amounts. Therefore 
the -35 form is the active mRNA in the wild type. We find that the -35 form is 
present in normal amounts in the mutants m37-42 and m43-48, processed at the 
correct site, and has the wild-type sequence. However psbB-psbT or psbB mRNA 
translation is severely impaired in these mutants, suggesting that sequences in the 
putative precursor, which are not retained in the mature mRNA, influence 
translation. In other words, prior to processing, the RNA seems to be activated for 
translation by an event involving a cis-acting element of the precursor which is 
then removed. SD-like sequences are missing in Chlamydomonas psbB and psbA 
mRNAs, but putative alternative ribosome binding sequences RBS1 (AAG) and 
RBS2 (UGAUGAU) are present in the psbA 5’UTR (Mayfield et al., 1994). Thus, 
on psbB RNA the nature of this event remains elusive, but an intriguing possibility 
of an interaction with the 30S subunit of the ribosome is suggested by the 
presence, between position –36 and –42, of an element (ACCUUGU) which is 
perfectly complementary to a sequence near the 3’end of the 16S ribosomal RNA 
(ACAAGGU, positions 1500 to 1506). This sequence required is the longest found 
in chloroplast genomes to be fully complementary to part of the 3’end of 16S 
ribosomal RNA and the longer form of the psbH 5’UTR also contains a related 
element (5 out of the 7 bases) upstream of its processing site. Modeling based on 
the X-ray structure of the bacterial ribosome indicates that this segment of the 16S 
RNA faces the mRNA channel at the interface between the 30S and the 50S 
subunits and therefore could be accessible for recognition (Yusupov, 2001; 
Yusupova, 2001). However, in the m37-42 and m43-48 mutants, after correct -35 
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processing, no change in the association of psbB-psbT transcripts with ribosomes 
or other non-polysomal complexes can be observed. The observation of a correct 
processing correlated with a normal association to the ribosome was also made in 
the case of psbA 5’ UTR (Bruick and Mayfield, 1998). Our result suggests an 
initiation event taking place on the psbB-psbT precursor 5’UTR form. Could it be a 
pre-binding of the small ribosomal subunit or of the complete ribosome? The 
classical mechanism of translation initiation in chloroplasts resembles that of 
prokaryotes and involves binding of the 30S subunit and assembly of the ribosome 
at the start codon. Thus, a model where the ribosome could assemble on the longer 
leader, and subsequently slide along the shorter form as in eukaryotes where this 
process is referred as ribosome scanning seems unlikely in our case. In addition, 
the sliding would have to occur prior to the -35 processing or in a coordinated 
manner. However, toeprinting of ribosome binding on barley rbcL and psbA 
mRNAs raised the possibility that translation initiation on psbA mRNA may also 
involve the transient binding of chloroplast ribosomes to an upstream SD-like 
sequence, followed by scanning to localize the initiator AUG (Kim, 1994).  
 
3  A conserved element in psbB and psbH 5’UTRs necessary for their 
expression. 
 
First, the results of the mutagenesis of the sequences shared between 
the psbH and psbB 5’UTRs clearly show that there is a common involvement of 
the stability box in both transcripts. The level of accumulation of the mature forms 
of the psbB and the two shorter forms of the psbH RNAs relies on this common 
element. Additionally, it seems that the stabilization of the longer psbH transcripts 
is insensitive to the mutation of this sequence. This result therefore suggests that 
the psbH stabilization does not occur at the earliest step of psbH expression, but 
rather during the course of the RNA maturation. A limiting trans-acting factor 
seems to be implicated in the formation and/or the stabilization of the psbB/psbT, 
psbB and the two shorter psbH RNAs via the recognition of a common sequence 
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element of 7 bases. The increase in accumulation of one RNA in the absence of the 
other is approximately 2 fold.  
The same effects are observed when the psbH stability box is 
replaced by two different sequences and also by a deletion. This supports the idea 
that this sequence of 7 bases is a specific core component of the mechanism of 
RNA stabilization for these transcripts and that the mutant phenotype is not an 
artifact due to the rich GC content when an ApaI site (GGGCCC) is introduced in 
the transcript leader. 
 
2  MBB1 and MBB1 complexes 
 
The level of accumulation of MBB1 in C. reinhardtii appears to be 
independent of the photosystem II content in the cell. In addition to the 300 kDa 
complex found by Vaistij et al. in 2000, we observed that the larger MBB1 
complexes exist with sizes larger than those of single ribosomes. Based on the 
sedimentation of the ribosomes in the gradients, we assume that the size of the 
MBB1 complexes can reach up to 10 MDa. 
The results of the co-sedimentation of MBB1 together with psbB-
psbT transcripts (2.3 kb) in high molecular weight complexes but not with psbB 
mRNA (1.7 kb) suggest that MBB1 acts specifically on psbB-psbT RNA in the 
stroma. Because the psbB monocistronic mRNA is not detectable in the soluble 
extract in WT, but appears after salt treatment, it could be associated with 
thylakoid membranes.  
In Arabidopsis, HCF107, the ortholog of MBB1, stabilizes psbH 
RNA and the two downstream transcripts of the original pentacistronic unit. 
However, it is not known if HCF107 is involved in the processing between psbB-
psbT and psbH during the maturation of the precursor RNAs or if it stabilizes the 
transcripts after the maturation has occurred. Together, the possibility that HCF107 
acts on the pentacistronic transcript in Arabidopsis and the fact that in 
Chlamydomonas the high molecular weight complexes containing MBB1 co-
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fractionate with psbB-psbT RNA suggests that MBB1 could also be involved in the 
maturation of this transcript and not exclusively in psbB mRNA processing and 
stability. Whether the interaction initiated between the sequence of psbB 5’UTR 
and the MBB1 complexes on the psbB-psbT RNA continues on the psbB mRNA 
after psbT removal is still elusive. 
In addition, the presence of the larger MBB1 complexes seems to 
depend on D2 and D1 translation as observed in nac2-26 and fud7. In the presence 
of D2 and in the absence of D1, CP47 translation is specifically decreased by the 
control by epistasy of synthesis (CES). D1 absence induces the inhibition of CP47 
synthesis which could explain why the MBB1 and the psbB-psbT RNA complexes 
become smaller. D1 is also absent when D2 is not translated as in nac2-26, m14, 
ac115 or fud47. But in these mutants, D1, rather than CP47, is the first regulated 
subunit in the CES cascade, and when D2 is absent, the MBB1 complexes form to 
a normal size, but the transcript distribution is affected. The psbB mRNA appears 
in the soluble phase together with the psbB-psbT RNA, and the psbH transcripts 
accumulate in larger forms under these conditions. These transcripts are associated 
with smaller complexes in the WT, in the linker scan mutants and in fud7. 
Thus, when D1 translation is decreased, the shorter form of the psbB 
transcript appears in the soluble extract and the amounts of the longer forms of the 
psbH transcript increase. MBB1 is associated with the high molecular weight 
fractions. When CP47 translation is decreased, psbH RNA maturation and 
sedimentation are not affected compared to the WT, but the psbB mRNA appears 
in the stroma, and together with the psbB-psbT RNA and MBB1 they relocate to 
smaller complexes. 
MBB1 in high molecular weight complexes could interact with the 
psbB-psbT RNA and stabilize it. In addition, the level of the mature transcript 
ending at -35 parallels those of the psbB-psbT and of the psbB RNAs determined 
by Northern blot. Although there is no evidence of dependence between the 5’ and 
the 3’ maturation, the kinetic of these processes suggests that the -35 end can form 
on RNAs prior to the intergenic maturation of psbB-psbT which releases the psbT 
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RNA. The resulting psbB mRNA could subsequently be targeted to the membranes 
since it appears in the soluble phase only when the extracts are treated with salt. 
But when CP47 synthesis is down regulated in the absence of D2 or D1, this 
transcript would be released in the stroma. Does MBB1 stay associated with psbB 
mRNA ? The fact that part of MBB1 is found associated to the membranes 
suggests that it is the case. In addition, the fraction of psbB mRNA found in the 
stroma appears to be associated with much smaller complexes. However, the size 
of the MBB1 complexes associated to the membrane with the psbB mRNA is 
undetermined.  
The sedimentation of MBB1 in fractions of high molecular weight 
complexes that we observe could be due to other maturation factors assembled on 
the psbB-psbT RNA. It could also be the result of MBB1 associated factors 
specific to this state of the transcript maturation. Finally, it could be the result of 
an interaction of part of the transcripts with the ribosome. However, when D1 
translation is down regulated by CES, the size of the MBB1 complexes including 
the psbB-psbT transcript is smaller. 
An enrichment of the longer forms of psbH RNAs appears after salt 
treatment of the total cell extract in all the strains. This indicates that they could be 
preferentially associated with the membranes whereas the shorter forms would be 
mostly present in the stroma. In absence of D2, i.e. when D1 and CP47 synthesis is 
decreased, longer psbH transcripts appear in the stroma in the absence of salt 
treatment. These changes in localization of psbH RNAs can be correlated with 
specific deficiencies in the synthesis of the PSII reaction center subunits. They 
could also result from changes in the availability or in the activation of common 
regulatory factors. If MBB1 also interacts with the psbH RNAs, the fact that these 
longer transcripts are also released from the membranes by salt treatment suggests 
that MBB1-psbH RNA complexes could also bind to the membranes. In this case, 
two types of interactions would occur: the longer forms of the psbH transcripts not 
competent for translation in the vicinity of the membrane, and MBB1 with the 
shorter psbB mRNA competent for translation preferentially in the stroma. 
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An alternative explanation of the differences in size of these PSII 
transcripts might be due to differences in the kinetics of maturation or degradation 
of the RNAs localized in the stroma or on the thylakoid membranes. This could be 
important for the proper sequential assembly steps of PSII. Each step of PSII 
assembly would feed the next step with adjusted RNA maturation events. It is 
therefore not surprising that a strong perturbation in PSII assembly would affect 
these different steps. For example in the absence of D2, longer forms of psbH 
transcripts appear. These transcripts would be more resistant to degradation or not 
engaged in maturation. Upon recovery of D2 synthesis, these transcripts would 
undergo processing in order to be translated. The link between D2 and the psbH 
RNAs is not obvious but if we consider that the PsbH protein assists the PSII 
repair after D1 photodamage, a link between D2 and PsbH synthesis is not 
surprising. Thus the production of psbH translatable transcripts could be 
differentially regulated depending on which of the PSII subunits is missing in these 
mutants.  
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Figure 56: Schematic representation of the putative complexes that we observed in various 
classes of mutants.
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4  Open questions  
 
A) A speculative model for the maturation, accumulation and 
translation of the psbB-psbT-psbH transcripts. 
A summary of the putative complexes found in each strains analyzed 
serves as a base for the model we propose (figure 56). The sequence of the 
maturation events occurring on the low abundant psbB-psbT-psbH transcript is not 
fully understood. Although the location of the psbB-psbT, psbB and psbH products 
in the chloroplast is known, little is known about the location of the primary 
transcripts. Transcription is thought to take place in the vicinity of the membranes 
and assembly of PSII is known to occur on the stromal lamellae (figure 57 – step 
1). After or during transcription, it is probable that the first event is a cleavage 
between the psbB-psbT and the psbH occurring in parallel with the 5’ and 3’ 
maturations of the transcripts, possibly with different kinetics (figure 57 – step 2). 
It is possible that the 5’end of psbB RNA can already undergo the maturation 
process while the 3’ end of the precursor transcript is still transcribed. Most likely 
MBB1 is involved in this process. It may bind to the long form of the psbB-psbT 
transcript in the stroma, process this long form alone or with other factors and 
stabilize the transcript and perhaps also target the RNA to the thylakoid 
membrane. This would explain the cofractionation of MBB1 and of the psbB-psbT 
transcript after sucrose density gradient centrifugation (figure 57 – step 3). MBB1 
could bind directly or indirectly the low abundant -147 form of the psbB-psbT 
5’UTR until it is processed to the mature -35 from. This binding would occur 
between residue -35 and the start codon, possibly in the sequence determined by 
the linker scan to be required for the accumulation of the shorter form of the 
5’UTR. We favor a trimming of the 5’end by a 5’-3’ exonuclease. However we 
cannot exclude an endonucleolytic event at position -35. The binding of MBB1 to 
the RNA 5’end would be necessary for the stabilization of both the psbB-psbT 
RNA in the stroma and of the psbB mRNA bound to the membranes. One 
possibility is that psbB mRNA is translated on membrane bound polysomes in a 
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monocistronic form after cleavage of psbT RNA. Because psbT RNA is 
undetectable by Northern blotting as a single transcript it is possible that this small 
protein can only be produced from the stromal dicistronic psbB-psbT RNA. We 
can assume that the half-life of psbT RNA is very short or that the psbT sequence 
disappears by a 3’ to 5’ trimming of the psbB-psbT RNA. It is important to note 
that the membrane-bound MBB1 can be released from the membrane by salt 
treatment (Vaistij et al., 2000a) which also releases psbB mRNA from the 
membrane. MBB1 could therefore bind to the nascent psbB-psbT-psbH transcript 
and play a role in the association of the processed psbB mRNA to the membrane. 
This model is further reinforced by the fact that after salt treatment when both 
transcripts are present in the stroma, the ratio between psbB-psbT and psbB RNAs 
is comparable to the ratio of soluble MBB1 to membrane associated MBB1 in the 
absence of salt (figure 48 and Vaistij et al. 2000a). This result suggests that the 
major fraction of MBB1 is associated to the dicistronic transcript in the stroma and 
that a minor fraction of MBB1 is bound to the membranes with psbB mRNA. 
Moreover, in the absence of D2 and D1 or in the absence of D1, the psbB mRNA 
is detected in the stroma even without salt treatment. This result suggests that the 
autoinhibition of CP47 synthesis through the CES process could imply a relocation 
of the psbB mRNA from the membrane where translation occurs to the stroma 
where there is no translation of this mRNA. Furthermore, if the psbB mRNA is 
released from the membrane what is the fate of MBB1 ? A relocation of MBB1 
comparable to that of psbB mRNA in the PSII mutants is to be expected if MBB1 
interacts firmly with the psbB RNA. A comparative study of MBB1 partitioning 
between membranes and stroma in the WT and in the D2 and D1 mutants could 
further confirm the specific association of psbB mRNA with MBB1.  
In parallel to the events occurring with the psbB-psbT RNA and after 
its separation from the tricistronic transcript (figure 57 – step 2), the psbH RNA 
also undergoes a stabilizing event possibly coupled to specific 5’ and 3’ maturation 
events (figure 57 – step 3). Based on the pattern of maturation of the psbH 
transcripts in the presence or absence of salt, the longer forms appear to be  
Fig 57: Model of the psbB-psbT-psbH transcript sequential maturation and the specific 
localization of the products in the chloroplast of Chlamydomonas. The chloroplast membranes 
are represented by the envelope, the thylakoid lamellae and the grana stacks. The black boxes 
represent the coding sequences and the connected lines the 5’UTRs, the intergenic regions and 
the 3’ UTRs. The designation of the other factors is reported in the legend. Finally, the arrows 
and the numbers indicate the cascade of events. 
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Fig 58: Model of the psbB-psbT-psbH transcript sequential maturation and of the specific 
relocation of the products in absence of D2 or D1. 
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associated with the thylakoid membranes and released by salt and the shorter ones 
accumulate preferentially in the stroma. Since the tricistronic RNA is certainly 
transcribed near the membrane, as its 5’ end reaches the stroma, the transcription is 
still in progress in the vicinity of the membranes. After cleavage of the growing 
tricistronic RNA between psbB-psbT and psbH, the psbB-psbT RNA would be 
released in the stroma and the longer forms of the psbH transcripts would stay 
temporarily near their site of origin, the membrane, until the relocation in the 
stroma of the shorter forms of the psbH RNAs, with the MBB1 complexes (figure 
57 – step 3). Based on the results of the psbH 5’UTR targeted mutagenesis, the 
longest psbH RNAs accumulate independently of the stability sequence but this 
sequence is required for the formation and the accumulation of the shortest psbH 
RNAs. In the hypothesis of an interaction between the MBB1 complexes and this 
sequence on psbH, as is the case with the psbB 5’UTR, the maturation of the 
extremities of longer psbH RNAs would occur prior to the requirement of MBB1 
and of the stability sequence. Based on the results of Johnson and Schmidt (1993), 
most of the variation in the size of the psbH RNAs resides in their 3’ ends. Thus 
the first steps of maturation could take place near to the membranes resulting in a 
gradual shortening of the 3’ end. Then, the 5’ shortening would occur and the 
products accumulate. In presence of MBB1, the 5’ maturation would lead to the 
formation and / or the accumulation of the short forms of psbH RNAs found in the 
stroma. At the same time, the psbB-psbT RNA would undergo its maturation in the 
stroma. 
When D2 or D1 are absent, the psbB mRNA is apparently released 
from the membranes (figure 58 – step 3’). This result indicates that the stromal 
location of psbB mRNA correlates with the inhibition of CP47 translation due to 
the absence its assembly partners. Thus the psbB mRNA could be stored in the 
stroma until the core PSII subunits are produced which would allow CP47 
translation on the membrane. 
In the case of the psbH transcripts, in the absence of D2, the longer 
forms of the psbH transcripts relocate to the stroma (figure 58 – step 3’’).  
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In the absence of D2 and D1, the longer psbH transcripts are released 
from the membrane. Here again the stromal partition of the longer psbH RNA 
could correspond to a storage form, not competent for translation, but which 
would, after maturation, be remobilized to the membrane for translation as soon as 
D2 synthesis resumes. In the same context, the psbH transcripts undergo a 
maturation similar to that observed in the WT but their sedimentation profile after 
sucrose density gradient centrifugation is different. In the absence of D2 the 
released psbH RNAs are associated in complexes of various sizes including 
complexes much larger than in the WT or in mutants that still produce D2. 
Nothing is known about the rate of translation of PsbH in the absence of D2. Thus 
no correlation could be made between rate of synthesis of PsbH and the transcript 
availability near the membranes. 
 
B) Future experiments: 
Additional experiments should be considered to analyze the causes 
of the loss of stability or of formation of the shorter psbH RNAs in the mutants. It 
would be interesting to perform primer extensions to address the mature 5’ ends of 
the remaining transcripts in the ApaS, ComS and DelS strains. Additionally, pulse 
labeling experiment to measure the level of protein synthesis in these mutants 
should indicate whether or not the longer psbH RNAs are competent for translation 
but the products are degraded, even though 14C labeled PsbH detection is difficult 
due to the small size of this protein. 
For the study of the interaction of MBB1 with the ribosome, the 
transformation and the study of two constructs on both psbB and psbH sequences 
harboring a mutated initiation AUG codon should provide new insights into the 
mode of initiation of their translation. 
In this study, MBB1, psbB-psbT, psbB and psbH transcripts were 
affected in their sub-cellular localization and their association with larger 
complexes depending on the PSII mutant that was studied. The observation that 
both the long and short psbH transcripts fractionate in all the fractions of the 
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gradients in the nac2-26, ac115 and m14 mutants could also suggests that these 
RNAs are loaded in ribonucleoprotein complexes of high molecular weight. Their 
function could be RNA maturation or storage and these RNAs would be 
specifically released in presence of D2. Thus a link with the control by epistasy of 
translation could exist. The study of other PSII and CES subunit mutants should 
contribute to obtain a clearer view on RNA trafficking in the chloroplast. 
Additional experiments should be done to interpret the results of the 
transcript changes in the soluble extract after the salt wash. Determination of the 
membrane association of psbB transcripts and MBB1 in the PSII mutants and in 
the WT should be performed to standardize the salt concentration in the lysis 
buffer used to wash the membranes. Additionally, the determination of the 
membrane specific associated ribonucleoprotein complexes could also be assessed 
using sucrose gradient fractionation, preparing the cell extract in two steps. First, 
after lysis without salt and centrifugation, the membrane fraction would be 
resuspended in a buffer with salt and centrifuged once more. Then, the soluble 
extract would be loaded on the gradient. If the interpretation of the difference 
between the gradients with or without salt is that those with salt include the sum of 
the soluble complexes and of those released from the membranes, this additional 
experiment should allow us to characterize the fraction of the components 
specifically associated with the membrane. 
The introduction of truncated versions of MBB1 in mbb1 could also 
help to understand the structure-function relationship of this protein. In addition 
substitution of the MBB1 TPR domains with those of NAC2 and vice and versa 
could be of interest, especially since the transformation of the nac2-26 mutant with 
a truncated Nac2 protein containing mostly its TPR domains is sufficient to restore 
its WT phenotype. 
The preparation of membrane extracts washed with salt could allow 
the study of MBB1 complexes specifically associated to the membranes. In 
addition, the effect of other treatments such as urea, NaOH and non-ionic 
detergents could also be investigated. 
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The development of extraction protocols adapted to enhance the 
quality of membrane-associated RNAs should also allow us to determine the 
nature and the relative abundance of these transcripts in the stroma and in the total 
extract. 
Another aspect of the study of MBB1 would involve biochemical 
approaches. Already, preliminary attempts to co-purify MBB1 partners by 
immunoprecipitation gave us encouraging results. Using the mbb1 mutant rescued 
with a triple hemagglutinin (HA) tagged version of MBB1, after standard cell 
fractionation, total cell extracts were loaded on a sepharose resin harboring 
covalently linked anti-HA antibodies. After standard washes, the eluted fraction 
was subsequently examined by SDS-PAGE. Silver staining of the gel allowed us 
to compare the tagged versus the non-tagged (negative control) extracts that were 
run in parallel on the resin and on the gel. This single step purification led to the 
characterization of 3 specific bands in the HA-tagged sample. Protein sequencing 
was performed by Maldi-Tof mass spectrometry to compare a piece of gel 
corresponding to the band of interest and the corresponding piece of gel at the 
corresponding size in the control lane (non tagged sample). The potential 
candidates obtained by analysis of the peptides revealed numerous proteins with 
distinct functions and various hits. Interestingly, several ribosomal proteins were 
detected. Additional CoIP experiments are needed to confirm these preliminary 
results (figures 59 and 60).  
Finally, the changes in transcript localization reported above in 
different PSII mutant contexts could also be valuable for the growing field of 
chloroplast biotechnological applications. The expression of foreign proteins in 
Chlamydomonas chloroplast could be targeted to selected compartments for 
improved yield or for easier purification. 
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Fig 59: Silver staining of Chlamydomonas WT and Mbb1::MBB1HA samples purified by 
anti-HA affinity chromatography. The surrounded bands appeared to be specific compared to 
the WT non-tagged MBB1 strain. They were cut in parallel with a band at the corresponding 
size in the WT lane.
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SD9  Mascot Search Results
(in collaboration with LEROY D. & BENOIT A.)
Phosphoenolpyruvate carboxylase (17 hits…)
GTP-binding protein ypt2 (tomato)
Ribonuclease (Wood tabacco, apple tree)
Hexokinase (nicotina tabacum)
Glycosyltransferase protein A (populus alba)
ATP-dependent Clp protease proteolytic subunit (Malus domestica)
Chloroplast 30s ribosomal protein S19 (Pisum sativum)
Chloroplast ribosomal protein S12 (Maize and Barley)
Putative 60kDa chaperonin beta subunit 
Light-harvesting complex I protein (Chlamydomonas reinhardtii)
RNA-binding protein (Medicago truncatula)
Methionine adenosyltransferase (garden pea)
Plastoquinol-plastocyanin reductase (Chlamydomonas reinhardtii)
TGACG-motif-binding protein STF2 (Soybean)
Ribosome inactivating protein type 1 precursor –
rRNA N-glycosidase (common pokeberry)
Fig 60: Specific results of the peptides microsequenced from the band number 9 in in figure 
59.
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7  Materials and methods 
  
194 
 
 Strain, media and genetic crosses 
 
The Chlamydomonas reinhardtii mbb1 mutant strain 222E has been 
described previously (Monod et al., 1992). Tris-acetate-medium (TAP) and high–
salt-medium (HSM) were prepared as described (Rochaix and Erickson, 1988). For 
the phenotypic analysis of strains (spot-test), 2 mL of culture were grown 
overnight in TAP medium in the dark, and then 15 l were aliquoted on agar plates 
containing the appropriate media. 
 
 Chloroplast transformation  
 
 Chloroplast mutants have been engineered by biolistic 
transformation as described by Boynton (Boynton, 1988). Transformants were 
selected for resistance to spectinomycin (Goldschmidt-Clermont, 1991), and 
replicated until homoplasmy had been reached, as confirmed by Southern blotting. 
 
 Nucleic acid extraction and analysis 
 
 Standard techniques were used to manipulate and analyze 
nucleic acids. 100 mL of cells were grown in TAP to a concentration of 2.106 
cells/mL. RNA extraction proceeded according to the following protocol. The 
culture was centrifuged 4 minutes at 3 000 rpm, 4  Celsius in the GSA rotor. Cells 
were resuspended with 10 mL Tris 20 mM pH 7.8 in a 15 mL plastic tube and 
centrifuged 2 minutes at 5 000 rpm, 4º Celsius in the HB6 rotor. After removal of 
the supernatant, the pellet was frozen in dry ice. 2 or 3 mL of Tri Reagent (Sigma) 
and 1 mL of glass beads were added prior to extensive vortexing to dissolve the 
cells. The homogenous lysate was left at room temperature for 5 minutes. 0.4 or 
0.6 mL CHCl3  were added before a 15 second vortexing step. The mix was 
incubated for an other 10 minutes at room temperature, followed by centrifugation 
during 10 minutes at 9,000 rpm at room temperature in a HB6 rotor. The two 
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upper thirds of the aqueous phase were carefully transferred in a new plastic tube 
without taking the interphase. To remove other unwanted material in suspension, a 
second centrifugation was performed using the same conditions followed by the 
transfer of the soluble phase to a 15 mL plastic tube without disturbing the pellet. 
To the clear soluble fraction, 1 or 1.5 mL of isopropanol were added and mixed to 
allow precipitation during 10 minutes on ice. Centrifugation was performed as 
described before, followed by removal of supernatant and by a wash with 2 mL 
cold (-20  Celsius) ethanol (70%). Vortexing for 15 seconds helped to break up the 
pellet prior to a 5 minute centrifugation at 7 500 rpm, 4º Celsius using the HB6 
rotor. The supernatant was removed and the pellet was dried at room temperature, 
upside down on a Kimwipe paper until the smell of ethanol disappeared and the 
pellet became transparent. Resuspension was done in 150 µl of H2O preheated at 
55° Celsius. An optional 10 minutes heating at 55° Celsius was performed when 
necessary to dissolve the RNA pellet more efficiently. O.D. was measured on a 
1/250 dilution in a quartz cuvet (2 L in 500 L). 1 O.D.260 = 40 µg/mL => [RNA] 
g/L   = O.D. read X 6.25 
Total Chlamydomonas DNA extractions were performed according 
to the method of Rochaix et al (Rochaix et al., 1988). After DNA digestion with 
appropriate restriction endonucleases, DNA fragments were separated by standard 
agarose gel electrophoresis (Rochaix and Erickson, 1988) and transferred on 
Hybond N+ membrane for Southern blotting.  
A specific psbB 1.1 kb probe was generated by digestion of the 
plasmid p38ANco with NcoI and EcoRI. A specific 2.2 kb psaA exon 3 probe was 
obtained by EcoRI and HindIII digestion of plasmid R17EH4. Digested DNA was 
subsequently size-separated by electrophoresis on a 1% agarose gel, 1X TBE. An 
other 250 bp probe to detect psbH was generated by PCR on WT DNA template 
using the two following oligonucleotides: 5’PSBH 
TTACAGAAAGTAAATAAAATAGCGC and 3’PSBH 
CATCTAAAATTAAAGAACTGTTG. The appropriate bands were cut and eluted 
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using the QIAGEN QIAquick Gel Extraction Kit (250). Labeling was performed 
by random priming using standard procedures (Sambrook et al., 1989).  
 
Transformation vectors: 
 
PCR with plasmid p38ANco as a template and Taq polymerase 
enzyme was used to generate ApaI mutated fragments (better processivity than Pfu 
when encountering secondary structures) using StuNde 
AGGCCTTAACATATGGATTACTT in pair with the following mutagenic 
oligos: Apa-3 CCATGGGGGCCCTTTTACTGATTTTTTTA, Apa-9 
CCATGGAAAATTGGGCCCTGATTTTTTTACTTA, Apa-15 
CCATGGAAAATTTTTTTACGGGCCCTTTTACTTAATTAT, Apa-21 
CCATGGAAAATTTTTTTACTGATTTGGGCCCTTAATTATTACAAGG, Apa-
26 
CATGGAAAATTTTTTTACTGATTTTTTTAGGGCCCTATTACAAGGTTAT, 
Apa -32 
CCATGGAAAATTTTTTTACTGATTTTTTTACTTAATGGGCCCAAGGTTAT
AAAAAT. The Pfu was used for the generation of the following fragments by 
ligation of the PCR product and subsequent digestion of the fragment of interest: 
for the generation of the ApaI site at position -37; -40 -37>-15 
CCCTAATAATTAAGTAAAAAAATCAG and as-40>-69 
CCCTATAAAAATAAAAAGAAATTAATTTC, and for the ApaI in position -42; 
-45>-15 CCCACCTTGTAATAATTAAGTAAAAAAATC and -45>-74 
CCCAATAAAAAGAAATTAATTTCTACATT. This fragment was cloned into 
pKS opened with SmaI and transformed into DH5 cells and selected on 
Ampicillin. Blue colonies were selected. A NcoI-NdeI fragment was digested from 
this plasmid and introduced into p38Nco0 digested NdeI/NcoI, introduced into 
DH5 cells and selected on tetracycline. This vector was opened with StuI to 
integrate a EcoRI-SmaI fragment containing the aadA selection marker. After 
transformation into DH5 cells, a first round of selection on tetracycline allowed 
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to streak colonies on tetracycline + spectinomycin plates. These successive steps of 
cloning led to the p38ANcoApa-n plasmids used to transform the 3 MBB1 and 
mbb1 host strains.  
The construct for psbH 5’UTR mutagenesis were initiated with the 
cloning of a 3216 base pairs fragment (BamHI-ScaI) from the Ba10 plasmid into 
pKS opened with EcoRV and BamHI. This plasmid named p41 then received in its 
unique site MscI the 1900 bp (atpB::aadA::rbcL) fragment excised with EcoRV 
and XbaI from pUCatpXaadA.. We selected a construct where both aadA and 
psbH genes were in the same orientation and named this plasmid p41A. The XxxX 
mutations are the following (Xxx = ApaI, Comp or Del), and the final X represent 
the position S or T for the putative Stability or Translation boxes. These mutations 
were engineered by PCR using the oligonucleotide Sta-as 
GTCACTTTGAACTGTCCTTAC in pair with the following oligonucleotides: 
ApaS AGCGCTATTTTAGGGCCCTTCTGTAAAAAATAAGG, ComS 
AGCGCTATTTTAAAATGAATCTGTAAAAAATAAGG, DelS 
AGCGCTTTTTATCTGTAAAAAATAAGG, ApaT 
AGCGCTATTTTATTTACTTTCTGTAAAAAAGGGCCCAAATATTCTTCAG
TGCATTC, ComT 
AGCGCTATTTTATTTACTTTCTGTAAAAATATTCCTAAATATTCTTCAGT
GCATTC and DelT 
AGCCTGTATTTTATTTACTTTCTGTAAAAAAAATATTCTTCATTC. The 
products were cloned in pTopoII, verified by sequencing and a 300 bp sequence 
between the PacI and AfeI sites was eluted and integrated in p41A opened with the 
same enzymes. These vectors were named p41AApaS, p41ACompS, p41DelS, and 
p41AApaT, p41ACompT, p41DelT and controlled by digestion and sequencing. 
The host strain was transformed with p41K7R which was obtained as detailed 
hereunder. A polymerase chain reaction with M13 and M13Reverse 
phosphorylated oligonucleotides on the pKS483aadA483 plasmid containing the 
recyclable cassette led to the production of the 2939 bp insert of interest. This 
cassette was inserted in a 5000 bp product obtained by the following treatment of 
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p41 to eliminate the homologous region between the mutation and the resistance 
marker: digestion with MscI, dephosphorylation and partial digestion with XmnI. 
This plasmid, named p41K7Ri was chosen with the same orientation of the K7R 
and of the psbB genes. After the removal of an ApaI-ApaI 1800 bp fragment, the 
resulting opened vector, blunted with the T4 polymerase and dephosphorylated 
received a 700 bp ApaI-XmnI fragment and was named p41K7R. By biolistic 
transformation of the wild type, this vector led to the generation of the 
Chlamydomonas reinhardtii T41K7R strain. After a first selection on TAP + 
spectinomycin, the transformants were spotted on HSM to select for their loss of 
phototrophic growth. Once established, several rounds of culture of these strains 
on TAP were performed to allow intrachain homologous recombination between 
the two 483 sequences in tandem, thus losing the aadA gene. When no growth was 
possible neither on HSM nor on TAP + spectinomycin, these strains, T41K7R in 
the WT or the mbb1 background, were tested for proper construction by PCR. 
Then, the T48K7R:WT strain was transformed with the mutagenic vectors 
p41AXxxX. The resulting strains were named T41AXxxX and selected on Tap + 
spectinomycin. At every step, proper integration was checked by PCR (figures 
32A and 32B). The following oligonucleotides were used as indicated on the 
figures: psbH 5’-1 AAAGTAAATAAAATAGCGC; psbH 5’-2 
ATTTATAATCCTGAGAGGGAATGC; psbH 3’ 
TGTACACTTAGTTGAAAGTGCC; aadA5’ CATACTTGAAGCTAGGC; 
antisens CATCTAAAATTAAAGAACTGTTG; sens sta 
GAATATTTTCCTTATTTTTTACAGA; sta apa 
GAATATTTTCCTTATTTTTTACAGAACCCGGG; sta comp 
GAATATTTTCCTTATTTTTTACAGATTCATTT; sta del 
GAATATTTTCCTTATTTTTTACAGATAAAATAC; sens tra 
AATGCACTGAAGAATATTT; tra apa 
AATGCACTGAAGAATATTTCCCGGG; tra comp 
AATGCACTGAAGAATATTTAGGAATA; tra del 
AATGCACTGAAGAATATTTTTTTAC. 
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Primer extension 
 
Primer extensions were performed using two oligonucleotides and 10 
g of total RNA extract per strain. One of the oligos, psbB (AS2205 
CACGATACCAAGGTAAAC), was specific to map the 5’ end of psbB transcript 
and the other was used as an internal reaction control, here psbD (3’psbD1 
GTCATTGCGTGTATCTCC).  
Primer extension was performed using -32 P-ATP 5’-labeling of 
selected oligos. Independent oligo labeling reactions included 1 L of oligo at 10 
M, 5 L of T4 PNK buffer (NEB) 10X, 5 L - 32 P-ATP 250Ci, 1 L DTT 0.1 
M, 10 L H2O, and 1 L Polynucleotide kinase. The reaction was at 37º Celsius 
for 45 minutes, followed by enzyme inactivation during 10 minutes at 70º Celsius. 
Independently, RNA was precipitated with 3 volumes of ethanol and 0.1 volume of 
sodium acetate overnight at -20º Celsius in a 1.5 mL Eppendorf tube. RNA was 
collected by centrifugation 15 minutes at 12 000g at 4º Celsius followed by 
removal of the supernatant. Washes of the RNA with 150 L of cold (-20  Celsius) 
ethanol 70% and 3 minutes centrifugation as previously described allowed the 
recovery of the RNA in a pellet form after 3 minutes of drying at room 
temperature. The reaction mix # 1 was prepared during the centrifugation as 
follows and kept on ice until use: 2,5 L psbB oligo labeling reaction, 0,5 L psbD 
oligo labeling reaction, 5 L H2O, 2 L M-MLVRT 5 X buffer. Pellet 
resuspension was performed in 10 L of reaction mix #1 by heating at 80  Celsius 
for 5 minutes to denature the RNA. The tubes were then put immediately on ice 5 
minutes to allow annealing between primers and the RNA. Reaction mix #2 was 
prepared during these steps as follows: 6 L dNTPs 5 mM, 3 L M-MLVRT 5 X 
buffer, 5 L H2O. When ready, the annealed tubes and reaction mix #2 tube were 
heated for 1 minute at 50º Celsius, and1 L M-MLV Reverse Transcriptase 
enzyme was added to the second tube and mixed. 15 l of reaction mix #2 was 
then added to the annealed tube and the elongation reaction was incubated at 50  
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Celsius. After one hour of reaction, 3.3 L ammonium acetate 8 M, and 110 L 
ethanol 100% was added to stop the reaction and tubes were kept on ice 20 
minutes to precipitate the products prior to centrifugation at 4º Celsius. The 
supernatant was discarded carefully and the pellet was resuspended in 8 L of 
formamide buffer (950 L formamide, 10 L EDTA, 30 LX-Cyanol 1%, 30 L 
Bromophenol blue 1 %). The pellet was resuspended by pipetting. An 
acrylamide:bisacrylamide (29:1) 8% sequencing gel was poured between glass 
plates washed with RBS 1X and 70% ethanol. 0.3 mL of APS 10% were added to 
30 mL of ready-to-use National Diagnostic solution containing Temed.Prior to 
loading on the gel, samples were heated 3 minutes at 65º Celsius, put back in ice 
and loaded as soon as possible. Migration was held at 40 Watts, after a prerun of 
30 minutes to warm the gel before loading. At the end, the gel was transferred to a 
3MM paper, covered with a piece of a plastic wrap and dried under vacuum for 
approximately one hour on a preheated platform at 80º Celsius. The gel was 
exposed in a phosphorimager cassette (Only 1 L of each sample was loaded on a 
first gel, so as to correct the next load based on the quantitation with the internal 
loading control. The primer extension relative to psbH RNA was performed using 
the same conditions and the following oligonucleotide: 5’PSBH +3-22: 
CATAATTGATTAAATGAATTAAGCG. 
 
 Protein analysis 
 
 Extraction of total protein were from of 1,5 mL of culture at 
2.106 cells/ mL that was centrifuged 15 seconds at max speed. The supernatant was 
discarded and the pellet frozen at –70˚ C. Each pellet was resuspended at room 
temperature in 100 L of lysis solution containing 100 mM Tris pH 6.8, 4% SDS, 
20 mM EDTA and Sigma protease inhibitors. This mix was incubated for an hour 
at room temperature and subjected to centrifugation for 1 minute at 14,000 rpm. 
The supernatant was used for the Western Analysis, after discarding the pellet. An 
assay of each fraction relative to a scale of purified bovine serum albumin (NE 
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Biolabs) using the Bicinchoninic acid (Sigma) allowed us to load 25 g of protein. 
SDS/10% PAGE was used to separate the proteins according to their sizes, 
followed by electroblotting to a Protran 0.45-m nitrocellulose membrane 
(Schleicher and Schuell) performed overnight at 50 mA in a 1X running buffer 
supplemented with 20% methanol. PsbT protein, whose size is about 4 kDa, was 
separated on a special Tris-Tricine-SDS-PAGE gradient gel according to Schagger 
and von Jagow, which allows resolution of proteins as small as 1 kDa (Schagger 
H, 1987). 
After incubation of the nitrocellulose membranes overnight in 5% 
milk in 1X TBS 1% Tween 20, antibodies were incubated in 1% milk in 1X TBS 
1% Tween 20, at a 1/25’000 dilution for CP47 polyclonal antibody, 1/15’000 
dilution for Rubisco (holoenzyme) polyclonal antibody, 1/5’000 for the PsbT 
polyclonal antibody, and 1/10’000 for PsbH monoclonal antibody kindly provided 
by C. de Vitry (IBPC Paris).  
Secondary anti-rabbit antibodies were used at a 1/10’000 dilution. 
Enhanced chemiluminescence and further exposure of the membranes against an 
autoradiography film were used to reveal the respective signals. 
 
Pulse and pulse-chase 
 
Pulse and pulse-chase experiments with 14C-acetate (figure 7) were 
performed in collaboration with Limor Minai at the IBPC in Paris and according to 
Bennoun (Erickson JM, 1986). Pulses were performed with 200 mL of cells grown 
at 1000 Lux up a density of 2.106cells/mL, washed and incubated one hour in 5 
mL HSM, subsequently treated with 5 g/mL of cycloheximide for 5 minutes, and 
then incubated for 5 minutes under 1000 Lux with 14C-acetate (5Ci/mL final). 
The reactions were stopped with 250 L of cold 1M NaAcetate pH 7.2 and quick 
centrifugation. Protein extraction was performed as described by Bennoun. 
Extracts were resolved on a standard SDS-Page gradient gel (12/18%). 10 g of 
Chlorophyll were loaded for each strain. The gels were dried on a Whatman paper 
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and 30 days of exposure were necessary in a Phosphorimager. Pulse-chase 
experiments were performed according to Bennoun with identical conditions as 
described above and with cultures also grown at 1000 Lux. 
 
 Sucrose density gradient fractionation 
 
Cells from a 500 mL culture grown in the dark to a density of 2.106 
in TAP medium were collected by a 5 minute centrifugation at 4º Celsius and 4 
krpm in a GS3 rotor, frozen in liquid nitrogen, and immediately ground in a 
mortar. 3 mL of cold extraction buffer (200mM Tris pH9, 200mM KCl, 30 mM 
MgCl2, 25mM EGTA, 0,2 M Saccharose, 1% Triton X100, 2% Polyoxyethelene-
10-tridecyl-ether, 0.5 mg/mL heparin, 0.7% -mercaptoethanol, 100 g/mL 
Chloramphenicol) were added to resuspend the cells and grinding was continued 
until the powdered extract had melted. The extract was transferred to a 15 mL tube 
and centrifuged 5 minutes at 4ºCelsius at 8 krpm in a HB4 rotor. The supernatant 
was collected, and Na-deoxycholate was added to 0.5%. 500 L of extract was 
loaded per gradient, and 150 L was saved as an input. When EDTA was used in 
these experiments, the concentration was 10 mM for the lysis buffer and the 
gradients, in replacement of MgCl2 (Klaff P, 1991; Rott R, 1998a). RNase 
treatment refers to the addition of RNase A in the cell lysis buffer at a 
concentration of 10 g/mL. 
11 mL of 7%-55% sucrose gradients (0.5 M – 1.75 M) were prepared 
to fractionate cell extracts in a SW40 rotor for 2 hours at 36 krpm. The gradient 
buffer had the following composition: 40 mM Tris pH 9, 20 mM KCl, 10 mM 
MgCl2, 5 mM EGTA, 0.5 mg/mL heparin, 0.7% -mercaptoethanol, 100 g/mL 
Chloramphenicol, sucrose and water were added to the final concentrations. 
Gradients were poured with a gradient maker. 15 fractions of 760 L were 
subsequently collected from the top of the tube. RNA or Protein analyses were 
accomplished with protocols described above. Our attempts to analyze the RNAs 
by primer extension were not successful. 
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